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Chapter 1 
General Introduction 
 
 
Foothill eucalypt forest in Victoria 
  
 2 
 
1.1 Introduction 
Fire shapes the structure and function of ecosystems globally (Bond et al. 2005; 
Bowman et al. 2009). It directly affects biota through mortality of plants and animals 
and by consumption of live plant material (Silveira et al. 1999; Clarke et al. 2015), 
and also influences biota indirectly, through changes to habitat structure and resource 
availability (Fox 1982; Friend 1993). The indirect effects of fire on biota are thought 
to have the greatest effect on ecosystems, as such effects can last for many years, if 
not decades or centuries (Turner et al. 2003; Haslem et al. 2011; Muzika et al. 2014). 
This is particularly true for animal species, as many animal species have some 
capacity to avoid direct effects of fire by seeking refuge during the fire (Whelan et al. 
2002), and some individuals can survive even severe wildfire in situ (Banks et al. 
2010; Banks et al. 2011). However, the current understanding of how animal species 
and communities respond to fire is more limited than that of how plant species and 
communities respond to fire (Clarke 2008; Driscoll et al. 2010). Furthermore, in 
many instances, the responses of animal species to fire can vary in space and time 
making predictions difficult (Smucker et al. 2005; Monamy and Fox 2010; Nimmo et 
al. 2012). 
For many years, research investigating how animals respond to fire has focussed 
predominantly on temporal aspects of fires, particularly how species and 
communities respond to time since fire (Fox 1990; Lindenmayer et al. 1991b; 
Smucker et al. 2005; Pons and Clavero 2010; Kelly et al. 2011; Arthur et al. 2012; 
Nimmo et al. 2012; Sitters et al. In press). There has been considerably less focus on 
how the spatial properties of fire affect fauna, but this aspect is also receiving 
increasing attention (Smucker et al. 2005; Hutto 2008; Pons and Clavero 2010; 
Fontaine and Kennedy 2012; Lindenmayer et al. 2013; DellaSala and Hanson 2015). 
Even the largest wildfires are not homogenous; fire severity varies across the burnt 
landscape (Eberhart and Woodard 1987; Schoennagel et al. 2008; Román-Cuesta et 
al. 2009). Some areas may be burnt severely, with both understorey and canopy 
vegetation consumed; other areas retain the canopy layer while the understorey 
burns; and some patches are completely surrounded by fire but remain unburnt (Cruz 
et al. 2012). The resulting spatial mosaic of fire severities influences the distribution 
of habitat for plant and animal species in the post-fire landscape (Turner et al. 1994; 
Turner et al. 1998). 
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The capacity of local environmental variation to mediate the effects of fire on fauna 
has also received relatively little attention (Robinson et al. 2013). In many 
ecosystems, substantial environmental variation is associated with topographic 
position. Low-lying gullies or drainage lines are generally damper and more 
productive than surrounding slopes, and the higher moisture levels in gullies can 
result in lower flammability in the event of fire – at least when fire weather is not 
extreme (Bradstock et al. 2010; Leonard et al. 2014). But topographic variation does 
not only influence fauna through its effect on fire severity. Gullies have also been 
associated with relatively higher availability of biological legacies, such as logs and 
standing dead trees (Franklin 1990), after fire and more rapid return of structurally 
complex vegetation (Collins et al. 2012a; b). Understanding how the effects of fire 
severity and environmental variation combine to influence the response of animal 
species to fire could be an important aspect of the sustainable management of fire-
prone species in forests (Driscoll et al. 2010). 
Improving the capacity of environmental management agencies to predict the 
response of fauna to fire is particularly critical given that fire regimes are expected to 
change in response to climate change, and to the application of prescribed burning. In 
many parts of the world, climate change is resulting in more frequent occurrence of 
extreme fire weather and longer fire seasons (McKenzie et al. 2004; Flannigan et al. 
2009). Consequently, wildfires are likely to become more frequent and larger in 
extent (McKenzie et al. 2004; Pitman et al. 2007; Flannigan et al. 2009). 
Simultaneously, in many fire-prone ecosystems, prescribed burning is being used to 
manage fuel loads and reduce the likelihood of wildfire, and thereby to reduce the 
associated risk to human life and infrastructure (Fernandes and Botelho 2003; 
McCaw 2012). Not only are plant and animal species in fire-prone ecosystems 
subject to changing fire regimes, but they also face a range of other pressures such as 
loss and fragmentation of habitats, predation and competition from introduced 
species, and other habitat changes associated with climate change such as altered 
rainfall patterns (Driscoll et al. 2010). With such changing circumstances, scientists 
cannot assume that species that have evolved with fire over millennia will persist in 
fire-prone landscapes into the future. 
This thesis examines how three main factors – spatial heterogeneity in fire severity, 
time since last fire, and topographic variation – influence the status of mammal 
species and their habitats following a large wildfire. This study was undertaken in 
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temperate foothill eucalypt forests of south-eastern Australia ~2-3 years after the 
2009 ‘Black Saturday’ wildfires (Teague et al. 2010; Cruz et al. 2012). Here, I begin 
by summarising the effects of fire and environmental variation on fauna, with a focus 
on forest ecosystems. I then describe the fire regime of foothill eucalypt forests, and 
how fire is known to influence mammals and their habitats. I highlight knowledge 
gaps relating to the spatial effects of fire severity and environmental variation on 
mammal species, and then conclude with an outline of the overall thesis structure and 
the objectives of each data chapter.  
 
1.2 Fire properties and fire regimes influence the distribution of fauna 
Fire regimes (the time since fire, inter-fire interval, season, and fire type) and fire 
properties (severity, landscape context and extent) can influence the structure of 
vegetation and distribution of fauna both spatially and temporally (Gill 1975; 
Bradstock et al. 2005). Fire regimes and properties vary spatially with patterns of 
topography, fuel and climate; and temporally with changes in climate and 
anthropogenic ignitions (Kershaw et al. 2002; Bradstock 2010).  
One of the consistent properties of large wildfires is that they are naturally 
heterogeneous; they include areas burnt across a gradient of fire severity, as well as 
patches that remain unburnt (Eberhart and Woodard 1987; Román-Cuesta et al. 
2009; Cruz et al. 2012). Following the large 1988 fire in Yellowstone National Park, 
USA, the spatial patterns of fire severity were studied in detail (Turner et al. 1994; 
Turner et al. 1997; Turner et al. 1998; Turner et al. 1999; Romme and Turner 2003; 
Turner et al. 2003; Schoennagel et al. 2008). Turner et al. (1994) found that, while 
much of the fire-affected area was burnt severely, almost all severely burnt patches 
were within 50-200 m of an unburnt or lightly burnt patch of forest. Research into 
the causes of spatial variation in fire severity following the Yellowstone fire and 
other large wildfires indicate that fire severity is primarily influenced by weather 
(Román-Cuesta et al. 2009; Bradstock et al. 2010; Leonard et al. 2014). When fire 
weather is extreme, most vegetation is burnt severely; but during less extreme fire 
weather, environmental variation associated with topography, vegetation type and 
fuel loads, has a greater influence on the severity of fire and the occurrence of 
unburnt patches (Román-Cuesta et al. 2009; Bradstock et al. 2010; Leonard et al. 
2014). 
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Fire severity influences the post-fire distribution of animal species directly, as 
mortality of individuals generally increases with increasing fire intensity (Thompson 
et al. 1989; Silveira et al. 1999; Banks et al. 2010). Animal species are also 
influenced indirectly, through changed spatial patterns in forest structure (Turner et 
al. 1994; Bradstock et al. 2005; Collins et al. 2012b). Heterogeneity in forest 
structure, and hence in habitat suitability, may cater to the needs of a variety of 
faunal species by providing areas of open, severely burnt habitat as well as areas that 
remain unburnt, or are less severely burnt, and therefore support more structurally 
complex vegetation (Martin and Sapsis 1992; Parr and Brockett 1999; Hutto et al. 
2015). If large tracts of forest are burnt severely, the persistence of more fire-
sensitive species may be threatened (Recher et al. 2009; Lindenmayer et al. 2013). 
Areas that remain unburnt may be particularly important for these species, and 
provide areas of ‘refuge’ (Robinson et al. 2013). Such refuges may be areas of higher 
survival for individual animals during the fire, and provide important habitat after the 
fire, allowing persistence within the fire-affected landscape until surrounding 
vegetation recovers (Robinson et al. 2013). 
In addition to fire severity, aspects of fire history, such as fire frequency and inter-
fire interval, can influence how the biota responds to fire (Gill 1975; 1981; Gill et al. 
2002). Forests typically have a high degree of structural complexity across several 
height strata (Lindenmayer et al. 2006), and a short inter-fire interval could result in 
long-term changes to the structural complexity of vegetation (Lindenmayer et al. 
2009a; Collins et al. 2012b). Plant species that resprout after fire may be able to 
persist following multiple fires in quick succession, but such a fire regime may 
eliminate fire-sensitive juvenile plants (Bond and van Wilgen 1996; Collins et al. 
2012a). Plant species that are killed by fire and regenerate from seed, such as many 
woody shrubs, are more likely to become locally extinct under a regime of short fire 
intervals if individuals cannot reach maturity (Gill 1975; Johnson 1996; Bradstock et 
al. 1997). Consequently, the influence of any single fire on fauna and habitat 
components needs to be considered in the context of the disturbance history of the 
site. 
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1.3 Environmental variation influences the distribution of biota 
Forest landscapes vary spatially in many ways, including in their topography, 
productivity, soil types, and vegetation type (Borcard et al. 1992). In turn, such 
variation provides an array of niches for plant and animal species, and contributes to 
the resultant biodiversity of an area (Fargione et al. 2003; Ritchie et al. 2008). In 
forest ecosystems, topography is commonly associated with productivity (Huston 
2003). Low lying gullies and moist drainage lines generally are more productive than 
the surrounding drier slopes or ridges, and tend to have more moisture-dependent 
plant species and a more complex vegetation structure (Austin et al. 1996; Huggett 
and Cheeseman 2002; Dwire and Kauffman 2003; Huston 2003). These moist, 
structurally complex gullies often support abundant, diverse faunal assemblages 
compared with surrounding slopes and ridges (Knopf and Samson 1994; Mac Nally 
et al. 2000; Woinarski et al. 2000; Palmer and Bennett 2006). Gullies can, therefore, 
provide disproportionately important habitat for fauna. 
 
1.4 How do fire and environmental variation combine to influence biota? 
Fire severity and topographic variation in forests can combine to influence the 
distribution of animal species in three ways: firstly, topographic variation can 
influence fire behaviour, thereby influencing the spatial patterns of fire severity 
(Penman et al. 2007; Leonard et al. 2014); secondly, the occurrence and distribution 
of biological legacies (e.g. unburnt or partly burnt logs) can vary with both fire 
severity and topography (Collins et al. 2012a; b); and thirdly, the rate of vegetation 
regeneration may differ in relation to both fire severity and topography (Huston 
2003). For example, when fire weather conditions are not extreme, low-lying damp 
gullies tend to burn less severely than surrounding drier slopes (Gill and Allan 2008; 
Bradstock et al. 2010; Leonard et al. 2014). This contributes to differences in 
vegetation structure between gullies and slopes, particularly if gullies repeatedly 
escape fire (Robinson et al. 2013). Following fire, aspects of forest structure, such as 
dead trees and large logs, can remain at higher abundance in gullies than surrounding 
slopes, either because gullies burn less severely, or because pre-fire abundance was 
greater (Collins et al. 2012a; b). Additionally, burnt vegetation can recover more 
rapidly in gullies as a result of the higher moisture availability and sheltered aspect 
(Romme and Knight 1981; Segura and Snook 1992; Huston 2003). Given the 
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potential for topography to mediate the effects of fire, it is important to understand 
how the relative effects of fire severity and topography combine to influence the 
distribution of animals. 
 
1.5 Fire regimes of south-eastern Australian foothill forests 
Mixed Eucalyptus species foothill forests, occurring on the mid-lower slopes of the 
Great Dividing Range in south-eastern Australia, are characterised by a variety of 
Eucalyptus spp. trees, such as messmate stringybark E. obliqua, narrow-leaf 
peppermint E. radiata and broad-leaf peppermint E. dives. These tree species can 
survive even severe fires, and resprout from epicormic buds along the trunk and 
branches (Clarke et al. 2015). Germination of seed is also stimulated by intense fire 
(Gill 1975). Individual trees can survive multiple fires within their lifetime. This is in 
contrast with the tree species that dominate the higher-elevation, tall wet forests of 
south-eastern Australia, such as mountain ash E. regnans and alpine ash E. 
delegatensis, which, like many tree species of the northern hemisphere, are usually 
killed by severe fire and must regenerate from seed (Gill 1975). 
Foothill forests are subject to infrequent, large wildfires (Cheal 2010) that are 
predicted to become more intense and more frequent in the coming decades and 
beyond in a drier climate (Bradstock 2010). Wildfires in foothill forests are closely 
associated with weather conditions arising from El Niño – southern oscillation 
climatic patterns (Bradstock 2010). They tend to start in mid-late summer (January & 
February) during extreme fire weather after several years of drought. Large wildfires 
are ignited by both lightening and humans when conditions are favourable. Climate 
change is predicted to result in longer, more severe droughts in south-eastern 
Australia, as well as many other parts of the world (Dale et al. 2001; Sterl et al. 
2008). More frequent episodes of extreme fire weather and longer fire seasons are 
also expected (Pitman et al. 2007; Flannigan et al. 2009; Clarke et al. 2011). Intense, 
more frequent fire will alter both the direct and indirect impacts of large wildfires on 
animals in these fire-prone forests (Mackey et al. 2002; Recher et al. 2009). 
Anthropogenic burning has been characteristic of many Australian landscapes since 
the arrival of the first Australians 40,000 – 60, 000 years ago (Enright and Thomas 
2008). Indigenous Australians burnt to stimulate plant growth and to secure hunting 
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grounds (Gott 2005; Hateley 2010); however the history of indigenous burning in 
south-eastern Australia is unclear (Enright and Thomas 2008; Hateley 2010). This is 
particularly the case in forest ecosystems, as moderate-high fuel loads in productive 
forests would have made safe burning difficult (Enright and Thomas 2008; Hateley 
2010). In recent decades, prescribed burning has become an important component of 
the fire regime of foothill forests (McCaw 2012). Peri-urban areas tend to occur in 
close proximity to foothill forests, and for this reason foothill forests have been 
targeted for fuel reduction burning to reduce the wildfire risk to life and property 
(Bradstock et al. 1998; Gibbons et al. 2012). Following the 2009 ‘Black Saturday’ 
wildfires in Victoria, a Royal Commission recommended that 5% of the State’s 
public land should be burnt on an annual rolling target, with a particular focus on 
foothill forests (Teague et al. 2010). The duration of a reduced fuel load from 
prescribed burning is limited; the effectiveness of fuel reduction burning in foothill 
forests is negligible after about 3-5 years (Bradstock and Price 2009; McCaw 2012). 
Increased levels of prescribed burning together with wildfire events have the 
potential to alter the structure of foothill forests, and thus may have implications for 
the conservation of animal species in these forests. 
 
1.6 The influence of fire on mammals 
Wildfire can result in reduced abundance of mammal populations during post-fire 
successional changes (Recher et al. 2009; Banks et al. 2010), but individual 
mammals of various species can survive even severe wildfire (Lawrence 1966; 
Christensen 1980; Whelan et al. 2002; Lindenmayer et al. 2008; Banks et al. 2010; 
Banks et al. 2011). Mammals have a number of behavioural adaptations for surviving 
fire. For example, swamp wallabies, Wallabia bicolor, that were tracked during a 
low severity fire fled the fire front, crossed back into burnt vegetation once the fire 
front had passed, and sheltered in gullies (Garvey et al. 2010). Mammals are also 
able to take refuge in non-flammable and less-flammable features, such as rock 
crevices, burrows, logs and tree hollows, or may take refuge in unburnt patches of 
vegetation (Whelan et al. 2002; Robinson et al. 2013). 
Given that individual mammals often survive wildfire, habitat changes following fire 
are particularly important for mammal populations because they could affect whether 
individuals can persist until habitat attributes recover (Green and Sanecki 2006; 
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Lunney et al. 2008). Changes in the suitability of post-fire habitat are influenced by 
food availability (Recher et al. 2009), availability of shelter (Kinnaird and O'Brien 
1998; Banks et al. 2011), predation pressure (McGregor et al. 2014) and competition 
(Higgs and Fox 1993). For example, after the 2003 Snowy Mountains wildfire in 
south-eastern Australia, individual small mammals survived the fire event and 
persisted for several months; but populations crashed during the winter snowfall 
(Green and Sanecki 2006). This decline was attributed to decreased foraging 
opportunities and intensified predation (Green and Sanecki 2006). The indirect 
effects of fire on animals, therefore, are often not immediately apparent, despite clear 
conceptual relationships between 1) mammal species and habitat attributes, and 2) 
habitat attributes and fire (Fox and McKay 1981; Monamy and Fox 2000). 
For some mammal species, particularly small mammals, a close association has been 
found between changes in vegetation structure and the succession of species over 
time after fire (e.g. Krefting and Ahlgren 1974; Fox 1982; Burbidge and McKenzie 
1989; Fox 1990; Masters 1993; Letnic et al. 2004). However, predicting how 
mammals will respond to fire in natural settings remains difficult (Whelan et al. 
2002; Swan et al. 2015). One reason may be that the interactions between 1) 
environmental variation and 2) heterogeneity in the severity of fire are rarely 
considered (Smucker et al. 2005; Driscoll et al. 2010; Nimmo et al. 2014). 
The mammal fauna of the foothill forests in Victoria includes small mammals, 
arboreal mammals, larger herbivorous mammals, small forest bats and aquatic 
species. The research reported in this thesis focuses primarily on native ground-
dwelling terrestrial mammals; however, several species of arboreal mammals spend 
some time moving or foraging on the ground, and were recorded at these times. Bats 
and aquatic mammals were not surveyed. Table 1.1 provides a summary of the native 
mammals that inhabit foothill eucalypt forests in the study area in Victoria and their 
specific habitat associations, while Fig. 1.1 shows photos of these native mammal 
species.  
The habitat associations, ecological requirements and responses to fire of native 
mammals of the foothill eucalypt forests vary; but some trends are evident. Small 
mammals tend to rely on dense, complex vegetation for shelter (Bennett 1993; 
Catling and Burt 1995; Catling et al. 2000). Small mammal populations often decline 
after wildfire, followed by recovery within 2 - 5 years (Fox and McKay 1981; Friend 
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1993). There is limited understanding of how fire severity influences small mammal 
species, but more severe wildfire is likely to result in greater mortality (Recher et al. 
2009; Banks et al. 2010). Arboreal mammal populations appear to be particularly 
vulnerable to fire (Lindenmayer et al. 2013). Fire can reduce the cover and 
connectivity of the canopy and shrub layers that arboreal mammals often rely on 
(Lindenmayer et al. 2013), while severe fire can reduce the short- to medium-term 
availability of hollow-bearing trees that provide shelter and breeding sites (Banks et 
al. 2011). The mountain brushtail possum Trichosurus cunninghamii may be an 
exception, as this species maintained population abundance after the ‘Black 
Saturday’ wildfires in wet forests that were severely burnt (Lindenmayer et al. 2013). 
Larger, ground-dwelling herbivorous species tend to be less affected by fire (Meers 
and Adams 2003; Garvey et al. 2010). They have large home ranges and can persist 
across a range of habitat structure, generally preferring more open forest vegetation 
(Hill 1981; Lunney and O'Connell 1988; Di Stefano et al. 2009), which can be 
created by fire. 
 
1.7 Knowledge gaps 
South-eastern Australia is particularly fire-prone, and there has been a strong 
research focus on the response of mammal species to fire in this region (Fox and 
McKay 1981; Banks et al. 2010; Banks et al. 2011; Lindenmayer et al. 2013; Swan et 
al. 2015). However, many gaps in knowledge remain. 
Firstly, the majority of studies into how mammals and their habitats respond to fire 
have investigated only changes over time. This is clearly an important aspect of the 
response of animals to fire, but the influence of spatial patterns on fire variables, 
such as fire severity, have been largely overlooked.  Understanding the influence that 
spatial variables have on the distribution of fauna is important, as animals are very 
likely to respond to fire differently depending on fire severity and spatial patterns of 
fire history. Recent studies have investigated the impact of fire severity on birds 
(Smucker et al. 2005; Kotliar et al. 2007; Hutto 2008; Pons and Clavero 2010; Rush 
et al. 2012; Lindenmayer et al. 2014; Robinson et al. 2014), arboreal mammals 
(Lindenmayer et al. 2013; Berry et al. 2015), and bats (Buchalski et al. 2013), but 
rarely ground-dwelling mammals (Diffendorfer et al. 2012; Fontaine and Kennedy 
2012). There is an absence of literature on the response of Australian ground- 
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Table 1.1 Habitat and diet of native mammal species of the foothill eucalypt 
forests of Victoria, south-eastern Australia (excludes bats and aquatic species). 
  
Species Size 
(kgs)1 
Habitat2 Habitat 
associations 
Diet2 
Agile antechinus 
Antechinus agilis 
0.016-
0.044 
Terrestrial
/scansorial 
Complex 
understorey 
vegetation3,6,18 
Invertebrates 
Dusky antechinus 
Antechinus 
swainsonii 
0.038-
0.170 
Terrestrial Complex 
understorey 
vegetation18 
Invertebrates 
and small 
vertebrates 
Swamp rat 
Rattus lutreolus 
0.055-
0.160 
Terrestrial Poorly drained 
grassy areas near 
forest edges3 
Sedges, grasses, 
invertebrates 
and fungi 
Bush rat 
Rattus fuscipes 
0.050-
0.225 
Terrestrial Complex 
understorey 
vegetation3,6.18 in 
moist forests6 
Invertebrates, 
fungi, plants 
Brush-tailed 
phascogale 
Phascogale 
topoatafa 
0.110-
0.310 
Terrestrial 
/scansorial 
Large, hollow trees 
for shelter9,10 
Invertebrates 
and small 
vertebrates 
Long-nosed 
bandicoot 
Perameles nasuta 
0.850-
1.100 
Terrestrial Dense shrub cover 
6,7,8 
Insects, larvae, 
worms and plant 
roots 
Short-beaked 
echidna 
Tachyglossus 
aculeatus 
2-7 Terrestrial Found across a 
wide gradient of 
habitat complexity2 
Termites, ants 
and other 
invertebrates 
Common wombat 
Vombatus ursinus 
20-35 Terrestrial Open, grassy 
understorey6,8,18 
Grasses, herbs 
and roots 
Swamp wallaby 
Wallabia bicolor 
15-20 Terrestrial Moderate4 to low8 
habitat complexity 
Shrubs, rushes, 
fungi, vines, 
ferns and 
grasses 
Eastern grey 
kangaroo 
Macropus 
giganteus 
37-66 Terrestrial Grassy, open 
understorey with 
high lateral 
cover5,6,7,8,18 
Grasses and 
shrubs 
Eastern pygmy-
possum 
Cercartetus nanus 
0.015-
0.038 
Arboreal/ 
terrestrial 
Tree hollows and 
logs used for 
shelter and 
breeding10,14 
Pollen, nectar, 
insects and fruit 
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Table 1.1 Continued 
Species Size 
(kgs)1 
Habitat2 Habitat 
associations 
Diet2 
Common ringtail 
possum 
Pseudocheirus 
peregrinus 
0.660-
0.900 
Arboreal/ 
terrestrial 
Hollow trees or 
dreys used for 
shelter and 
breeding2,15, dense 
understorey2,16 
Leaves, flowers 
and fruits 
Common brushtail 
possum 
Trichosurus 
vulpecula 
1.5-4 Arboreal/ 
terrestrial 
Open landscapes 
with large, hollow 
trees for shelter and 
breeding6,10,15 
Leaves, fruits, 
blossoms, grass, 
invertebrates 
Mountain brushtail 
possum 
Trichosurus 
cunninghamii 
1.5-
3.7 
Arboreal/ 
terrestrial 
Large, hollow trees 
for shelter and 
breeding, and low 
to moderate shrub 
cover11,15 
Leaves, fruits, 
fungi, lichen, 
bark 
Koala 
Phascolarctos 
cinereus 
10-14 Arboreal/ 
terrestrial 
Eucalypt forests 
and woodlands2 
Eucalypt leaves 
Feathertail glider 
Acrobates 
pygmaeus 
0.010-
0.014 
Arboreal Tree hollows 
required for shelter 
and breeding15 
Pollen, nectar, 
insects and sap 
Sugar glider  
Petaurus breviceps 
0.090-
0.150 
Arboreal Multiple stems13 or 
fissured trees12 and 
dense shrub and 
canopy layer13 
Nectar, pollen, 
insects and their 
exudates, and 
tree exudates 
Yellow-bellied 
glider 
Petaurus australis 
0.450-
0.700 
Arboreal Hollow trees for 
shelter and 
breeding15, 
diversity of tree 
species17  
Nectar, pollen, 
insects, tree 
exudates 
Greater glider 
Petauroides volans 
0.900-
1.700 
Arboreal Hollow trees for 
shelter and 
breeding11,12,15 
Eucalypt leaves 
and buds 
 
1 (Menkhorst and Knight 2004); 2 (Van Dyck and Strahan 2008); 3 (Bennett 1993); 
4 (Di Stefano et al. 2009); 5 (Hill 1981); 6 (Catling et al. 2000); 7 (Claridge and 
Barry 2000); 8(Arthur et al. 2012); 9 (van der Ree et al. 2001); 10 (Gibbons et al. 
2002); 11 (Lindenmayer et al. 1990); 12 (Lindenmayer et al. 1991a); 13 (Jackson 
2000); 14 (Law et al. 2013); 15 (Gibbons 2002); 16 (Kavanagh et al. 1995); 17 
(Kavanagh 1987); 18 (Catling and Burt 1995)  
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dwelling mammals to fire severity, despite the strong influence that fire can have on 
these species (Fox 1982). Greater understanding of how spatial variation in the 
severity of fire influences the distribution of Australian ground-dwelling mammals 
and their habitat after large wildfires will, therefore, improve conservation 
management of these species in natural, heterogeneous landscapes. Spatial variation 
may be important for the survival of individuals during fire and may influence the 
persistence or trajectory of local populations over time. 
Secondly, the influence of environmental variation on the response of mammals and 
their habitats to fire is also poorly understood. It is clear that environmental variation 
affects resource availability and habitat for many species (Palmer and Bennett 2006), 
but there is limited understanding of how the effects of environmental variation and 
fire interact to influence mammals’ distribution and habitat after wildfire (Collins et 
al. 2012a; b). 
Thirdly, while individuals of species that typically rely on complex vegetative cover 
for shelter have been found to survive severe wildfires in situ (Banks et al. 2010; 
Banks et al. 2011), it is not clear how these individuals persist in the post-fire 
landscape. Heterogeneity in fire severity and topographic variation may provide 
areas of refuge – such as patches that remain unburnt, areas of vegetation that are 
less severely burnt than surrounding vegetation, gullies, and particularly unburnt 
gullies (Robinson et al. 2013). If such areas do serve as refuges for mammals after 
wildfire, the time since last fire, vegetation structure and resource availability within 
these areas may affect the quality of habitat that they provide (Robinson et al. 2013). 
Finally, following the initial fire front, the subsequent influence of fire on biota is 
largely indirect, whether considered spatially or temporally (Fox 1982). It is 
therefore important to understand the relationships that mediate any association 
between fire and the distribution of mammal species. Understanding the relationships 
between 1) fire and habitat attributes; and 2) habitat attributes and mammal species 
in fire prone landscapes, will be essential for predicting the effects of fire on 
mammal species. 
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Agile antechinus 
Antechinus agilis (Photo: Mel Williams) 
Long-nosed bandicoot 
Perameles nasuta (Photo: David Cook) 
  
Bush rat 
Rattus fuscipes 
Common brushtail possum 
Trichosurus vulpecula (Photo: Andrew 
Mercer) 
  
Mountain brushtail possum 
Trichosurus cunninghamii (Photo: Simon 
McKenzie) 
Common wombat 
Vombatus ursinus (Photo: Alexander 
Dudley) 
  
Swamp wallaby 
Wallabia bicolor 
Eastern grey kangaroo 
Macropus giganteus (Photo: Quartl) 
 
Figure 1.1. Native Australian mammal species that were commonly recorded 
during this study, 2-2.5 years after the ‘Black Saturday’ Kilmore-Murrindindi 
complex wildfires. 
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1.8 This study 
On ‘Black Saturday’, 7th February 2009, two wildfires in central Victoria, Australia, 
joined to form the Kilmore-Murrindindi fire complex (Fig. 1.2). Less than 1% of the 
forest within the 228,000 ha fire area remained unburnt (Leonard et al. 2014). 
However, the fire severity in burnt areas ranged from forest stands that experienced a 
patchy understorey fire to those in which both understorey and tree crowns were 
consumed (Cruz et al. 2012). The wildfire occurred in the last year of the 
‘Millennium Drought’ (van Dijk et al. 2013), a decade-long El Niño-related drought 
that affected many areas globally, including south-eastern Australia (Zhao and 
Running 2010). In the two years following the wildfire (2010, 2011), a strong La 
Niña resulted in south-eastern Australia receiving rainfall 50% above the average 
(Australian Government Bureau of Meteorology). 
 
 
 
 
Figure 1.2. Map of the boundary of the Kilmore-Murrindindi wildfire complex 
that burnt 228,000 ha of forest in south-eastern Australia in February 2009. 
This study was undertaken in foothill eucalypt forest (shown in grey) which made up 
about half of the area burnt. Montane wet eucalypt forests made up the remainder of 
the forest within the fire boundary.  
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The Kilmore-Murrindindi fire overlapped several previously recorded wildfires. 
Approximately 80% of the Kilmore-Murrindindi wildfire area was burnt by wildfire 
during the extensive (2,000,000 ha) 1939 wildfires. A wildfire in 1983 (22,000 ha) 
partly overlapped the 1939 fire area, while a smaller wildfire (1650 ha) occurred in 
2006 in a patch that was not burnt in 1939 or 1983. Various prescribed burns, mainly 
< 500 ha, have been applied across the landscape since 1983. 
This study was undertaken in the foothill eucalypt forests that cover approximately 
half of the area burnt in the Kilmore-Murrindindi fire. Foothill eucalypt forests are 
topographically diverse, consisting of gullies that support mesic forest, and drier 
slopes and ridges that support scleromorphic forest. Messmate stringybark, Narrow-
leaved peppermint and broad-leaved peppermint dominate the canopy of both gullies 
and slopes, while Victorian blue gum E. globulus occurs predominantly in damp 
gullies. Immediately after severe fire, no green material is evident (Fig. 1.3); 
however most individual trees survive fire and resprout from epicormic shoots. Two 
years after the ‘Black Saturday’ wildfire, significant regeneration had taken place. 
Understorey burnt sites tended to have fewer shrubs than unburnt and severely burnt 
sites, while severely burnt sites tended to have a dense layer of eucalypt seedlings 
and saplings, but canopy cover remained sparse (Fig. 1.4). 
 
1.9 Objectives and thesis structure 
The aim of my thesis is to advance understanding of the response of Australian 
native mammal species and their habitats to fire within foothill eucalypt forests. In 
particular, I have investigated how variation in fire severity and topographic position 
influence the distribution of mammal species and their habitats shortly after a large, 
mixed-severity wildfire. The objectives of each chapter are detailed below. 
Chapter 2: In this chapter, I investigate the influence of fire severity (unburnt, 
understorey burnt, severely burnt) and topographic position (gully, slope) on the 
distribution of mammal species two years after wildfire. I assess whether these 
predictor variables interact in their effects on mammal species, and whether unburnt 
patches and gullies provide refuge for species that rely on structurally complex 
vegetation. 
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Chapter 3: This chapter documents the response of mammal species to key habitat 
components after wildfire, and compares the predictive capacity of models based on 
mammal-habitat associations with models based on fire severity and topography 
(formulated in Chapter 2). This comparison is undertaken to determine 1) whether 
fire severity models can provide an adequate proxy for habitat associations; and 2) 
whether including topographic position in these models improves their predictive 
capacity. 
Chapter 4: In this chapter, I investigate how the structural complexity of vegetation 
is influenced by fire in foothill eucalypt forests, and how this is related to 
environmental variation. By using multivariate statistical analysis, I determine how 
fire severity, time since last fire and topographic position influence vegetation 
structure across the landscape at two years after wildfire. I then investigate the 
hypothesis that, two years after the wildfire, fire has homogenised the vegetation 
across adjoining gullies and slopes, thereby reducing fine-scale heterogeneity in 
vegetation structure. 
 
 
 
 
Figure 1.3. Photo of severely burnt foothill forest taken several days after ‘Black 
Saturday’ (Photo credit: Nick Pitsas). 
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Figure 1.4. Photos taken 2-3 years after the 2009 ‘Black Saturday’ Kilmore-
Murrindindi wildfire, on slopes (top row) and in gullies (bottom row) that either 
remained unburnt, had the understorey burnt but retained the crown, or had 
the understorey burnt and the crown either scorched or consumed.  
 
 
Chapter 5: Here, I examine how fire influences the distribution of coarse woody 
debris (logs and dead trees) in foothill eucalypt forests, and how this is related to 
environmental variation. I assess the relative influence of fire severity, time since last 
fire and topographic position on the abundance of logs and dead trees three years 
after a major wildfire. 
Chapter 6: In this final chapter, I synthesise key findings from my research and 
discuss the implications for the conservation of native mammals and for forest 
structure within fire-prone landscapes. I provide recommendations for management, 
with the aim of maintaining heterogeneous, structurally complex foothill forest 
landscapes and conserving the mammal fauna of these forests. 
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Chapter 2 
Heterogeneity in fire severity and topography 
influence the distribution of mammals after 
wildfire 
 
 
Agile antechinus Antechinus agilis (photo: Jess Collins) 
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Abstract 
Maintaining biodiversity in fire-prone ecosystems is a conservation priority in many 
parts of the world. While much attention has been given to the temporal responses of 
animal species to fire, species’ responses often vary spatially as well as temporally. 
We propose two factors likely to be important in explaining variation in the 
responses of fauna to fire: 1) spatial heterogeneity in fire severity; and 2) 
environmental variation across the landscape. We determined the relative and 
combined influences of fire severity (unburnt forest, understorey burnt, crown 
scorched or burnt) and topographic position (gully, slope) on the distribution of 
native mammal species. We used camera traps to survey mammals in foothill forests 
~ 2 years after a large wildfire of mixed severity that burnt 280,000 ha of forest in 
south-eastern Australia. Two species of small mammal (bush rat Rattus fuscipes and 
agile antechinus Antechinus agilis) responded to both fire severity and topographic 
position, while one predominantly arboreal mammal (the mountain brushtail possum 
Trichosurus cunninghamii) responded only to fire severity. Larger herbivorous 
species were not affected by fire severity, but one species, the swamp wallaby 
Wallabia bicolor, was more likely to be found on slopes than gullies. Clearly, the 
responses of animal species to fire vary spatially, even over short distances. 
However, contrary to expectations, we did not find evidence that unburnt patches or 
moist topographic gullies serve as refuges that sustain the occurrence of native 
mammals in the burnt landscape at this stage (~ 2 years) in the post-fire succession. 
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2.1 Introduction 
Wildfire shapes the structure and function of ecosystems globally (Bond et al. 2005; 
Bowman et al. 2009). Fire consumes plant matter, setting in train changes in 
vegetation structure that can persist for decades or centuries (Haslem et al. 2011; 
Gosper et al. 2013). In turn, changes in vegetation affect animal species, such that 
fire history is often a key determinant of species distributions in fire-prone 
ecosystems (Janzen 1967; Smith et al. 2013; Lindenmayer et al. 2014). An emerging 
theme in fire ecology is that such responses are variable: that is, animal species often 
do not respond uniformly to fire across space and time (Monamy and Fox 2000; 
Nimmo et al. 2012; Smith et al. 2013). The reasons for such variation are important 
to ecologists and land managers alike, because unpredictable responses to fire events 
limit the ability to forecast the consequences of fire management (Driscoll and 
Henderson 2008; Nimmo et al. 2014). Further, by better understanding the 
relationship between fire and the distribution of animals, land managers will be better 
able to promote conditions that ameliorate the effects of fire on fire-sensitive species 
(Robinson et al. 2013).  
Two important factors that could lead to varying responses to fire are spatial 
variation in fire severity and environmental variation. First, fires are naturally patchy, 
with some areas burnt less severely than others (Schoennagel et al. 2008; Román-
Cuesta et al. 2009), either because some areas are less flammable, or because of 
changes in fire behaviour (Bradstock et al. 2005; Burton et al. 2008). Severe wildfire 
results in higher direct mortality of wildlife (Vernes 2000; Garvey et al. 2010) and 
greater impacts on vegetation structure than less severe fires (Smucker et al. 2005). 
Variation in fire severity affects the availability of ‘biological legacies’; resources 
from the pre-fire environment such as dead trees, logs and stumps (Franklin 1990; 
Chapter 5), that can enhance post-fire survival of individual animals (Lindenmayer et 
al. 2013). Unburnt patches within the fire boundary can allow species that rely on 
complex vegetation structure to persist, and thereby act as ‘fire refuges’ 
(Diffendorfer et al. 2012; Robinson et al. 2013). As such, variation in fire severity 
leads to spatial heterogeneity in the response of animal species to fire (Smucker et al. 
2005; Borchert et al. 2014; Lindenmayer et al. 2014).  
Second, environmental variation related to moisture, elevation and aspect, such as 
environmental gradients in soils and vegetation, can also lead to species displaying 
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different responses to fire across space (Turner et al. 1999; Watson et al. 2012; Smith 
et al. 2013; Nimmo et al. 2014). Topography is a key component of environmental 
variation in many fire-prone regions. For instance, lower-lying parts of the 
landscape, such as mesic gullies, typically are more productive and have a more 
complex vegetation structure than surrounding areas such as drier slopes (Dwire and 
Kauffman 2003). When exposed to fire, gullies may retain more biological legacies, 
such as seeds and coarse woody debris, due to moisture differentials, gravity and pre-
fire abundance (Foster et al. 1998). Vegetation in gullies may regenerate more 
rapidly than on surrounding slopes, due to the moist and sheltered environment 
(Romme and Knight 1981; Segura and Snook 1992). For these reasons, topographic 
variation can contribute to heterogeneous responses of populations to fire events.  
An additional consideration is how these factors might interact to produce even 
greater spatial heterogeneity in the response of animals to fire. In some instances 
gullies are more likely to escape fire than surrounding areas (Dillon et al. 2011; 
Leonard et al. 2014), but during extreme fire weather topography has only limited 
effect on fire behaviour, and gullies burn as severely as surrounding slopes (Dwire 
and Kauffman 2003; Pettit and Naiman 2007; Bradstock et al. 2010; Leonard et al. 
2014). The structurally complex forest habitat found in unburnt gullies might provide 
particularly high quality areas of natural refuges (i.e. areas that facilitate survival or 
persistence (Robinson et al. 2013)) within burnt landscapes. These areas may be 
important for species that naturally prefer structurally complex gully vegetation for 
shelter and foraging or for those that use densely vegetated areas for shelter. 
We undertook a study, in the form of a natural experiment, to investigate whether fire 
severity, topography, or both contributed to distribution patterns of native terrestrial 
mammals ~ 2 years after a large wildfire in south-eastern Australia. The ‘Black 
Saturday’ wildfires of February 2009 burnt 228,000 ha of forest with varying levels 
of severity, leaving only 1% unburnt within the fire boundary (Leonard et al. 2014). 
 
2.2 Methods 
2.2.1 Study area 
On ‘Black Saturday’, 7 February 2009, two wildfires in central Victoria, Australia, 
joined to form the Kilmore-Murrindindi fire complex, which burnt an area of 
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228,000 ha. The wildfire occurred in the last year of the ‘Millennium Drought’ (van 
Dijk et al. 2013), a severe decade-long drought. Following the wildfire, the study 
area received above-average rainfall in both 2010 and 2011 (Australian Government 
Bureau of Meteorology). Approximately half of the area burnt was ‘foothill forest’, a 
topographically diverse forest ecosystem consisting of damp gullies and drier slopes. 
Foothill forests in central Victoria range in elevation from 153 to 937 m and 
experience a temperate climate with mean annual rainfall of ~ 1300 mm (Australian 
Government Bureau of Meteorology). The drier slopes support medium to tall (20-50  
 
 
 
 
Figure 2.1. Location of the study area within and surrounding the boundary of 
the 2009 ‘Black Saturday’ wildfire that burnt 228,000 ha in south-eastern 
Australia. Sites represent three fire severity classes: unburnt, understorey burnt and 
severely burnt forest. Each site included a lowland gully and adjacent upland slope. 
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m) eucalypt forests dominated by messmate Eucalyptus obliqua and broad- or 
narrow-leaved peppermint E. dives or E. radiata. The understorey is characterised by 
a high cover and diversity of grasses and herbs, with a variable shrub layer. Damp 
gullies are dominated by a mixture of Eucalyptus species, including messmate, broad 
and narrow-leaved peppermint and blue gum E. globulus. Gullies have a dense shrub 
layer, and a ground layer of herbs, grasses and moisture-dependent ferns. 
 
2.2.2 Study design and selection of study sites 
Eighty sites were selected, within national park reserves (n = 25) and state forests (n 
= 55; Fig. 2.1). Sites were stratified to represent the fire severity classes: 1) unburnt 
forest, 2) understorey burnt (crown remained intact), and 3) severely burnt 
(understorey burnt and crown either scorched or burnt). Each site included a damp 
gully and an adjacent drier slope, which had experienced the same fire severity. Sites 
were selected using post-fire aerial images and spatial layers for the region (GIS; 
ArcMap v 9.0). Information on fire boundaries, timber harvesting history and 
vegetation type were provided by the Victorian Government. An on-ground 
assessment was undertaken for each site to ground-truth the accuracy of spatial 
layers. 
2.2.3 Sampling protocol 
Mammal surveys were undertaken 2 to 2.5 years (January to August 2011, resulting 
in sampling across summer, autumn and winter) after the wildfire (February 2009). 
At each site, paired transects were established; one along a gully line and a parallel 
transect approximately 100-150 m upslope. Mammals were surveyed using passive 
infra-red automatic digital cameras (ScoutGuard 550V). When triggered, cameras 
were programmed to capture three still photos (of five megapixels) within 
approximately six seconds. Each set of three photos is considered a single photo 
‘event’, and was used to maximise the possibility of identifying the species recorded 
(multiple photos of animals typically provided multiple perspectives and information 
about gait). A delay of 30 seconds between triggers was programmed to reduce the 
number of triggers by an individual animal remaining at the camera. Each camera 
was left in place for at least 14 nights.  
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Three cameras were positioned 100 m apart along each 200m transect – one at the 
zero point, one at the 100 m mark, and one at the 200 m mark. Two were set up to 
detect small mammals, and were attached vertically (lens facing the ground) to steel 
posts at 1.3 m above ground, giving an approximate field of view of 100 × 75 cm 
(Smith and Coulson 2012). They were baited with a lure of cotton wadding soaked in 
a mixture of peanut butter, honey, peanut oil, vanilla essence and white truffle oil, 
housed in a plastic bait holder with wire mesh sides, and secured to the ground in the 
centre of the camera’s field of view. The third camera was set up to detect larger 
mammals and was attached horizontally to an aluminium post, 0.5 m above ground. 
It was baited with a mixture of tuna oil and white truffle oil in a bait holder secured 
to the ground ~ 1.5 m from the base of the pole. Vegetation was cleared between the 
post and the bait holder.  
Photographs were identified to species level, where possible. Identification was 
based on the size of the animal relative to the lure holder; the shape and relative 
length of the body, head and tail; and the colour (daytime), shade (night) and pattern 
of features such as pelt, ears, paws and tail. Photos were excluded from analysis if 
identifying features were not visible (e.g. the animal was only partially within the 
field of view, or was obscured behind vegetation). We were able to identify to 
species level 5163 of 5392 (96%) photos that captured an animal, and a further 115 
(equalling 98%) to genus level. 
2.2.4 Statistical analysis 
Data from all three cameras on each transect were pooled for analysis of larger native 
mammal species (i.e. those > 1 kg: mountain brushtail possum Trichosurus 
cunninghamii, common wombat Vombatus ursinus, swamp wallaby Wallabia 
bicolor, and eastern grey kangaroo Macropus giganteus), while data from the two 
vertical cameras on each transect were pooled for analysis of the small mammals (i.e. 
those < 1 kg: agile antechinus Antechinus agilis and bush rat Rattus fuscipes; Table 
2.1). We modelled the response variable as species-specific occurrence 
(presence/absence).  
Analyses of occurrence were undertaken only for species that had a 70% confidence 
of detection within 14 nights (Table 2.1). Despite achieving 70% detection 
probability for the common brushtail possum Trichosurus vulpecula, this species was 
excluded from analysis due to the low number of sites at which it was recorded 
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(Table 2.1), and subsequent failure of statistical models. We estimated nightly 
detectability by holding occupancy and detectability constant across all transects. We 
then used the estimated nightly detectability to calculate the number of nights 
required for 70% confidence that detected absences represent true absences using the 
formula: 
ܰ ൌ 
ଵ଴ ቀͳ െ ܽͳͲͲቁ
ଵ଴ሺͳ െ ݌ሻ  
where a = the desired level of confidence (%) and p = the nightly detection 
probability (McArdle 1990; Kéry 2002). Only photos from cameras that functioned 
for the species-specific required nights for 70% detection probability were included 
in analyses (Table 2.1).  
Response variables were modelled using generalized linear mixed models, as they 
allow both fixed and random factors to be included in the same model (Zuur et al. 
2009). The response variables were modelled in relation to the fixed factors of 
topographic position (gully or slope), and the 2009 wildfire severity (‘unburnt’ – 
unburnt forest either within or near the fire boundary; ‘understorey burnt’ – crown 
largely intact; ‘severely burnt’ – understorey burnt and crown scorched or burnt). 
The model set included four models: ‘topographic position’, ‘fire severity’, 
‘topographic position + fire severity’ and ‘topographic position × fire severity’. The 
random predictors ‘site’, ‘reserve’ and ‘season’ were included in all models: ‘site’ (n 
= 80), to account for nesting of gully and slope transects within the same site; 
‘reserve’ (n = 9) to account for spatial and disturbance similarities between sites 
within the same reserve; and ‘season’ (summer, autumn, winter) to account for any 
seasonal differences in occupancy, abundance or detectability of species. Because the 
response variables were presence/absence of species, we used logistic regression 
with a binomial error structure and a logit link between the mean of the response 
variable and the systematic components of the model (Zuur et al. 2009). Predicted 
values calculated for presence therefore represent the probability of capturing a given 
species at a randomly selected gully or slope. 
An information theoretic approach was used to identify the model(s) most supported 
by the data. To facilitate this, parameters were estimated using maximum likelihood  
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Table 2.1. Number of photo “events” of species in paired slope and gully sites (n 
= 80 sites) ~ 2 year after the ‘Black Saturday’ wildfire in south-eastern 
Australia, the number of transects at which each species was recorded, and the 
number of nights required for 70% confidence of detection with 3 cameras 
(medium-large mammals) or 2 cameras (small mammals) functioning.  
Species Gully Slope 
Nights for 
70% 
detection 
probability 
 Photo 
events 
Transects Photo 
events 
Transects  
Antechinus agilisᵻ 138 29 158 33 6.4 
Antechinus swainsonii 1 1 0 0  
Macropus giganteus 43 15 99 21 12.4 
Perameles nasuta 8 6 2 5  
Phascogale tapoatafa 0 0 2 1  
Phascolarctos 
cinereus 
3 2 1 0  
Pseudocheirus 
peregrinus 
0 0 1 1  
Rattus fuscipesᵻ 1128 55 378 33 2.7 
Tachyglossus 
aculeatus 
15 10 24 18 29 
Trichosurus 
cunninghamii 
101 21 111 25 7.8 
Trichosurus vulpecula 17 3 42 4 7.3 
Vombatus ursinus 201 46 290 50 7.6 
Wallabia bicolor 559 55 969 71 4.0 
ᵻDetection probability based only on 2 cameras set up to target small native 
mammals. 
 
 
(Zuur et al. 2009). Akaike’s information criterion for small sample sizes (AICc) was 
used to rank models. If a single model did not clearly stand out (i.e. there were 
multiple models with an AICc difference ≤ 2 of the top ranked model), we used the 
global model to determine whether the interaction term was important. If the 
interaction term was important, we inferred from the global model. If the interaction 
term was not important, we inferred from model-averaged coefficients and standard 
errors (Burnham and Anderson 2002). We did not undertake model averaging when 
the interaction term was important due to difficulties in interpreting model-averaged 
coefficients in the presence of interaction terms (Dochtermann and Jenkins 2011). 
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Variables were considered important if the 90% confidence interval of coefficients 
(i.e. standard errors multiplied by 1.645) did not include zero. We chose this 
confidence interval because detecting effects of fire on fauna can be difficult in 
short-term, sample-limited studies (Smith et al. 2013).  
Model residuals were plotted against the fitted values and each predictor variable to 
detect any pattern indicating poor model fit. Model fit was further assessed by 
calculating the marginal (fixed terms only) and conditional (full model) R2 values of 
models (Nakagawa and Schielzeth 2013).  
Analyses were undertaken using the R programming language (R Development Core 
Team 2010), using the packages ‘lme4’ for generalized linear mixed models (Bates 
and Maechler 2011) and ‘unmarked’ for estimating nightly detectability of mammal 
species (Fiske and Chandler 2011). The package ‘MuMIn’ was used for model 
selection, model averaging, generating R2 values, and generating predictions from the 
averaged models (Bartoń 2009). The package ‘AICcModavg’ was used for 
generating predictions from fitted models (Mazerolle 2012). 
 
2.3 Results 
Thirteen species of native mammals were recorded, six of which had sufficient data 
for analysis (Table 2.1); two small mammals (agile antechinus, bush rat), one 
arboreal mammal (mountain brushtail possum), and three larger herbivorous 
mammals (common wombat, swamp wallaby, and eastern grey kangaroo). Other 
species had low detection probability or were captured at only a handful of sites 
(Table 2.1).  
Models had reasonable, but variable, explanatory power, with R2 values ranging from 
0.25 to 0.60. The random factors explained a large portion of the variance; the 
marginal (fixed terms only) R2 values ranged from 0.00 to 0.21 (see Table 2.2 for 
model fits and Appendix A for model coefficients and standard errors). 
2.3.1 Small mammals 
The distribution of the agile antechinus was not influenced by fire severity on slopes, 
but the global model (including an interaction effect) indicated that this species was 
less likely to occur in understorey burnt gullies than in unburnt gullies or severely  
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a) Antechinus agilis b) Rattus fuscipes 
  
c) Trichosurus cunninghamii d) Wallabia bicolor 
  
 
Figure 2.2. Predicted occurrence (± SE) of mammal species in paired slope and 
gully sites ~ 2 years after the ‘Black Saturday’ wildfire in south-eastern 
Australia. Predictions are based on the best model for each species, or the 
averaged model if a single model did not have support. Predications for species 
are based on: a) Antechinus agilis, fire severity × topography model; b) Rattus 
fuscipes, fire severity + topography model; c) Trichosurus cunninghamii, averaged 
model; and d) Wallabia bicolor, topography model.  
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Table 2.2. Candidate models for the presence of mammal species 2-2.5 years after the ‘Black Saturday’ wildfire in south-eastern Australia. 
Included are degrees of freedom (df), log-likelihood values (Log(L)), AICc values, AICc differences (Δi), Akaike weights (Wi), and R2 values of the 
fixed terms (marginal) and fixed and random terms (conditional). Only models with AICc differences ≤ 2 are shown. 
Response Model df Log(L) AICc ∆i Wi R2 
(marginal) 
R2 
(conditional) 
Antechinus agilis Topography 5 -88.01 186.5 0.00 0.439 0.000 0.250 
 Fire severity 6 -87.36 187.3 0.88 0.283 0.015 0.242 
 Fire severity × Topography  9 -84.42 188.2 1.75 0.183 0.070 0.335 
Rattus fuscipes Fire severity + Topography 7 -84.00 182.8 0.00 0.826 0.212 0.405 
Trichosurus cunninghamii Fire severity 6 -70.79 154.3 0.00 0.469 0.099 0.384 
 Fire severity + Topography 7 -70.43 155.8 1.52 0.218 0.107 0.406 
 Fire severity × Topography 9 -68.16 155.8 1.57 0.214 0.166 0.530 
Vombatus ursinus Topography 5 -73.73 156.9 0.00 0.669 0.003 0.603 
Wallabia bicolor Topography 5 -69.64 149.7 0.00 0.753 0.124 0.291 
Macropus giganteus Fire severity 6 -46.89 106.7 0.00 0.474 0.080 0.379 
 Topography 5 48.68 108.0 1.33 0.244 0.009 0.345 
 Fire severity + Topography 7 46.50 108.2 1.52 0.222 0.094 0.408 
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burnt gullies (Fig. 2.2, Appendix A). The distribution of the bush rat was influenced 
by both fire severity and topographic position (Table 2.2); this species was more 
likely to be found in severely burnt sites compared with unburnt, and was more likely 
to be found in gullies than on slopes in all fire severity classes (Fig. 2.2, Appendix 
A). The long-nosed bandicoot was found at 17 sites but had inadequate detectability 
to warrant analysis (Table 1). Eight records of the long-nosed bandicoot were within 
gullies and nine within slopes and all except one record was in a burnt site. The 
dusky antechinus Antechinus swainsonii and the bushtailed phascogale Phascogale 
tapoatafa were each recorded at only one site. 
2.3.2 Arboreal mammals 
The mountain brushtail possum was less likely to occur in severely burnt sites than 
unburnt sites, but there was no discernible effect of topographic position on the 
distribution of this species (Fig. 2.2, Appendix A). The common brushtail possum 
had adequate probability of detection within our surveys, but the data was 
insufficient to successfully model its distribution. The species was recorded at only 
seven sites (three gullies and four slopes, Table 1), and was not recorded in severely 
burnt sites in either gullies or slopes. 
2.3.3 Larger herbivorous mammals  
The swamp wallaby was not influenced by fire severity, but was more likely to occur 
on slopes than in gullies (Fig. 2.2, Appendix A). Neither fire severity nor topography 
explained the occurrence of the common wombat or the eastern grey kangaroo 
(Table 2.2, Appendix A). 
 
2.4 Discussion 
Despite the important role of fire in structuring ecosystems globally (Bowman et al. 
2009), predicting the response of fauna to fire remains a key conservation concern 
(Driscoll et al. 2010). We examined the extent to which fire severity and topographic 
position influenced the distribution of mammal species in the early post-fire phase 
(2-3 years post-fire) following a large forest wildfire. Extensive areas were severely 
burnt with canopy foliage consumed or scorched, other areas were burnt with lower 
severity (ground burn only), and a few areas remained unburnt (Leonard et al. 2014). 
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All species for which analysis was possible were found across the wildfire affected 
area; however fire severity and topographic position both had some influence on the 
distribution of mammals. Despite the small number of species recorded, these results 
demonstrate that spatial variation in topography and fire severity can be important 
for mammals in fire-prone ecosystems, and support previous findings that the 
responses of animal species to fire are highly species-dependent (Kotliar et al. 2007; 
Fontaine and Kennedy 2012). 
2.4.1 Mammal responses to wildfire: the roles of fire severity and topography  
One species of small mammal, the agile antechinus, was less likely to occur in 
understorey burnt gullies compared with unburnt gullies. This resulted in agile 
antechinus occurring at a higher rate in gullies than on slopes in unburnt and severely 
burnt areas, but not understorey burnt areas. The bush rat, on the other hand, was not 
influenced by understorey fire at all, but responded positively to severe wildfire and 
gullies. This surprising result is likely to be a result of the rapid recovery of 
vegetation following the ‘Black Saturday’ wildfire. Wildfire can substantially reduce 
the structural complexity of vegetation for several years in some ecosystems (Fox 
and McKay 1981; McCarthy and Tolhurst 2001). Here, however, we observed rapid 
regeneration of Eucalyptus spp. and Acacia spp., such that severely burnt sites had 
regenerating eucalypt cover and low shrub cover equivalent to, or greater than, that 
in unburnt or less-severely burnt sites (Chapter 4). This recovery of vegetation may 
have been hastened by the two years of above-average rainfall that followed the fire 
(Australian Government Bureau of Meteorology).  
Species that rely on complex understorey vegetation for shelter are usually found to 
decline for several years after severe wildfire (e.g. Smucker et al. 2005; Fontaine and 
Kennedy 2012). However, similar to the patterns we observed, Kirkpatrick et al. 
(2006) found that two forest-dwelling bird species in south-western USA, both 
associated with shrubby understorey, were positively correlated with areas that 
experienced severe wildfire six years previously. Unlike low severity fire, severe fire 
drastically reduces canopy cover, thereby allowing dense regeneration of tree and 
shrub species if environmental conditions are favourable (Pausas et al. 2002; Vivian 
et al. 2008). Such conditions may, therefore, favour species that rely on complex 
understorey vegetation. 
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Arboreal mammals primarily rely on canopy resources (Lunney 1987), and therefore, 
we expected that they would decline with increasing fire severity. Only one arboreal 
mammal species, the mountain brushtail possum, was regularly recorded. This 
species was less likely to occur at sites that had been severely burnt than unburnt 
sites. An intact canopy appears to provide refuge for this species, even if understorey 
vegetation is burnt. This finding is consistent with evidence from other studies in 
Australia (Lindenmayer et al. 2013), North America (Fisher and Wilkinson 2005; 
Zwolak and Foresman 2007), and Central America (Barlow and Peres 2004), that 
unburnt or less severely burnt areas are important for the persistence of canopy-
dwelling mammals in fire-prone forests. The mountain brushtail possum uses several 
strata of habitat; they den in large tree hollows and forage in the canopy, in the shrub 
layer and on the ground (Martin 2006). Both understorey and severe fire could, 
therefore, affect resource availability for this species. 
We found that the influence of topographic position on the distribution of small 
mammal and arboreal mammal occurrence was similar across fire severity 
categories. Gullies were important for small mammals, however this was the case in 
both unburnt and burnt habitat. This indicates that, two years post-fire, gullies were 
not functioning as refuges to facilitate the persistence of species in burnt areas 
particularly. In contrast, Banks et al. (2010), working in wet forest soon after (< 1 
year) the same wildfire, found that, while bush rats were more likely to occur on 
slopes in unburnt areas, they were almost exclusively found in gullies within severely 
burnt areas. In the foothill forests studied here, it appears that small mammals either 
did not depend on refuge habitat for survival in the post-fire landscape, or, more 
likely, any refuge requirements were short-lived (Krefting and Ahlgren 1974; 
Nicholson et al. 2006; Recher et al. 2009). The importance of refuges in the post-fire 
environment, and the duration for which they are necessary, may be highly 
dependent on landscape context and climatic conditions following fire (Robinson et 
al. 2013). 
The three herbivorous species recorded in this study appear resistant to fire. None of 
these species (common wombat, swamp wallaby, eastern grey kangaroo) were 
influenced by fire severity at ~ 2 years post-fire. Severely burnt vegetation can be 
favourable for herbivores; for example, ungulates were more common in burnt than 
unburnt areas for two winters following the large 1989 Yellowstone wildfire 
(Pearson et al. 1995). The ‘null’ response to fire by herbivores here, indicates that 
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they were able to rapidly repopulate and recolonise burnt areas (e.g. Lindenmayer et 
al. 2009b), but that any improvement in forage suitability was short lived (e.g. Hobbs 
and Spowart 1984; Pearson et al. 1995; Fisher and Wilkinson 2005).  
Herbivorous mammals also were relatively insensitive to topography; one species, 
the swamp wallaby, was more likely to occur on slopes, but was also common in 
gullies. Large herbivores such as macropods (Coulson et al. 2014) and deer (Ratcliffe 
1992) commonly use open areas for foraging and areas of greater cover for shelter 
and resting. Spatial heterogeneity in vegetative cover associated with areas of 
different fire severity and topographic variation might present important 
complementary resources for these species, resulting in their wide occurrence across 
fire severity and topographic gradients (Bendell 1974; Lunney and O'Connell 1988).  
2.4.2 Conclusions 
Understanding variation in the response of animal species to fire is recognised as a 
knowledge gap in managing fauna in fire-prone ecosystems (Driscoll et al. 2010). 
Here, we show that heterogeneity in both fire severity and topography can influence 
the responses of mammal species for at least 2-3 years after wildfire. Responses of 
mammals to fire are species-specific, cautioning against using surrogate species for 
management in fire-prone ecosystems (Clarke 2008). Spatial variation in the effects 
of fire needs to be considered in conservation management plans, so that fire regimes 
appropriate to specific landscapes and faunal assemblages can be achieved. Use of a 
single proxy for the fire regime, such as time since fire, may result in unexpected 
outcomes.  
In terms of fire severity, all species considered were found across the range of 
unburnt, understorey and severely burnt areas. However, unburnt and less severely 
burnt areas in which the canopy was not scorched are important for some species 
following wildfire. Management of such areas following fire to reduce predation 
pressure and minimise the risk of further fire may be prudent (Newsome et al. 1983). 
Patches of forest with intact canopy after wildfire are beneficial and can potentially 
be created through the use of prescribed fire (Cary et al. 2009). In terms of 
topography, gully vegetation was important for one species, the bush rat, but did not 
appear to be providing refuge for any species. However, given the clear importance 
of gullies for bush rats, and a sizable literature demonstrating that mesic habitats are 
important for many animal species, activities such as timber harvesting should be 
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excluded from gully vegetation. Damp gullies may be particularly important for the 
recovery of fire-sensitive species when drought continues after a large wildfire. 
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Chapter 3 
The combined effect of fire severity and 
topography predicts the distribution of 
mammals after wildfire just as well as 
traditional habitat components do 
 
 
Bush rat Rattus fuscipes 
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Abstract 
Conceptually, wildfire is known to indirectly affect animal species through the 
effects of fire on habitat structure and resource availability. Often, however, it is 
difficult to reliably predict the distribution of animal species after fire. This could be 
because associations between animal species and specific habitat components are 
weak or variable; but it may also be that the heterogeneous nature of fire leads to 
heterogeneous on-the-ground conditions after fire. Here, I investigated the relationship 
between mammals and habitat structure in a topographically heterogeneous 
landscape following a large wildfire. I surveyed mammals approximately two years 
after a large, mixed-severity wildfire in south-eastern Australia. I used camera traps 
at paired gully and slope sites (n = 80 pairs) in unburnt, understorey burnt, and 
severely burnt vegetation, and assessed habitat structural components at each site. 
Six mammal species were recorded with sufficient data for analysis: two terrestrial 
small mammal species, three larger herbivorous mammals and one arboreal mammal. 
First, I investigated how fire severity and topography influenced nine habitat 
components. Second, I formulated models of habitat-associations for each mammal 
species in relation to these nine habitat components. Finally, for each mammal 
species, I compared the habitat-association model with previously formulated models 
of the species’ response to fire severity alone, and fire severity interacting with 
topographic position (gully or slope). Eight of the nine habitat components measured 
were influenced by fire severity and topography. Small mammals preferred denser 
vegetation, while larger, herbivorous species preferred more open habitat. No habitat 
associations were found for the arboreal mammal. In general, habitat-association 
models had a better capacity (higher R2 values) to predict the distribution of mammal 
species than models based on fire severity. However, models that included fire 
severity interacting with topographic position were comparable with those based on 
habitat associations; thereby highlighting the influence of spatial variation in the 
environment on species’ distributions after fire. I conclude that, following large 
wildfires, assessing fire severity and environmental variability can provide insight 
into the indirect effects of fire on mammals. This relies on basic ecological 
knowledge of the habitat requirements of individual species, and is most suited for 
species that have a relatively strong association with structural habitat components. 
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3.1 Introduction  
Fire shapes how ecosystems are structured and how they function (Bond et al. 2005; 
Bowman et al. 2009). Species’ distributions are often influenced by fire directly, 
through individual mortality (Silveira et al. 1999), and indirectly, through changes to 
vegetation structure and species interactions (Fox 1982; Doherty et al. 2015). 
Because fire can strongly influence animal populations (Friend 1993; Whelan et al. 
2002), the ability to predict species’ distributions in fire-prone landscapes is 
paramount to sound fire management (Driscoll et al. 2010). However, despite the 
often close association between animal species and vegetation structure, predicting 
the response of animals to fire remains poor (Di Stefano et al. 2011; Nimmo et al. 
2014). For this reason, better understanding of how animals respond to changed 
habitat structure in heterogeneous, fire-prone landscapes is required (Bradstock et al. 
1995). 
The ‘habitat accommodation model’ (Fox 1982) is a conceptual model of faunal 
responses to fire, in which the response of an animal species to fire is dictated by 
post-fire changes in its habitat (i.e. successional changes in vegetation) and 
competitive interactions. However, despite the demonstration of a causal link 
between vegetation structure and species colonisation (Fox and Twigg 1991; Fox et 
al. 2003; Monamy and Fox 2010) and evidence of inter-specific competition 
following fire (Higgs and Fox 1993), the habitat accommodation model has had 
relatively poor predictive power when tested in large-scale correlative studies (Letnic 
et al. 2004; Torre and Díaz 2004; Driscoll and Henderson 2008; Kelly et al. 2012; 
Nimmo et al. 2012). One explanation is that, although animal species respond to 
changes in habitat structure, the response of habitat structure to fire varies spatially 
and temporally (Driscoll et al. 2012; Nimmo et al. 2014). Nimmo et al. (2014) found 
that models of time since fire that accounted for different responses in different 
vegetation types were better able to predict the distributions of lizard species than 
models of time since fire alone. They concluded that the habitat accommodation 
model was conceptually accurate, but that it had weak predictive power because the 
habitat components important to animal species responded differently to fire in 
different geographic locations (Nimmo et al. 2014). 
Another factor that could diminish the predictive capacity of the habitat 
accommodation model is the heterogeneous nature of fire events (Schoennagel et al. 
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2008; Nimmo et al. 2012). Fires are spatially heterogeneous, with some areas 
remaining unburnt, some less severely burnt and some severely burnt (Turner et al. 
2003; Bradstock et al. 2010; Leonard et al. 2014). Fire severity has been found to 
influence the distribution of animal species after large wildfires (Smucker et al. 2005; 
Robinson et al. 2014). Thus, a species’ response to fire may be variable due to 
heterogeneity of the fire event.  
Here, I first sought to understand how the distributions of mammal species responded 
to the availability of key habitat components following a large wildfire. I then tested 
the hypothesis that a model in which the effects of fire severity could differ between 
gullies and slopes would more closely represent habitat-association models, and 
better predict the distribution of mammals, than a model of fire severity alone. I 
examined the post-fire patterns of mammals and key habitat components following 
the 2009 ‘Black Saturday’ wildfire, which burnt 228,000 ha in south-eastern 
Australia. 
 
3.2 Methods 
3.2.1 Study area 
On ‘Black Saturday’, 7 February 2009, two bushfires in central Victoria, Australia, 
joined to form the Kilmore-Murrindindi fire complex. Few areas remained unburnt 
within the 228,000 fire (Leonard et al. 2014). Fire severity, however, ranged from 
lightly burnt forest to forest stands in which both understorey and crown were 
consumed (Cruz et al. 2012). The wildfire followed a decade-long drought (van Dijk 
et al. 2013) and occurred during extreme fire weather. Prior to our surveys, the 
drought broke with above-average rainfall in both 2010 and 2011 (Australian 
Government Bureau of Meteorology). 
This study was undertaken in the eucalypt foothill forests that cover approximately 
half of the fire-affected area. Eucalypt foothill forests are a topographically diverse 
forest system consisting of damp gullies and drier slopes and ridges (Oates and 
Taranto 2001). Messmate stringybark Eucalyptus obliqua, narrow-leaved peppermint 
E. radiata, and broad-leaved peppermint E. dives dominate the canopy of both 
gullies and slopes, while Victorian blue gum E. globulus is found predominantly in 
damp gullies. Damp gullies have a dense shrub layer and an understorey of herbs, 
 40 
 
grasses, and moisture-dependent ferns, while drier slopes tend to have a dense cover 
of Austral bracken Pteridium esculentum, grasses and herbs, but a variable shrub 
layer (Oates and Taranto 2001).  
3.2.2 Study design 
Eighty sites were selected within or adjacent to the ‘Black Saturday’ fire perimeter, 
located within national park reserves (n = 25) and state forests (n = 55) (Chapter 2; 
Fig. 2.1). Each site, ~ 5 ha in size, included a damp gully and drier slope. Sites were 
stratified by the following fire severity classes: 1) unburnt, 2) understorey burnt, but 
crown intact, 3) severely burnt, with both understorey and crown scorched or burnt. 
Sites were selected using post-fire aerial images and spatial layers for the region 
(GIS; ArcMap v 9.0). Information on fire boundaries, timber harvesting history and 
vegetation type were provided by the Victorian Government. On-ground assessments 
were undertaken to ground-truth the accuracy of spatial layers. Two 200 m transects 
were established at each site, one in the gully, and one approximately 100-150 m 
upslope. 
3.2.3 Habitat components 
Habitat components were surveyed along 50 m of each transect in February 2011, ~ 
2 years after the wildfire. The percentage of canopy cover was estimated visually at 
the beginning of each transect, and mean tree basal area was calculated using the 
Bitterlich wedge method. All logs > 10 cm diameter that intersected the transect were 
recorded. Litter depth was recorded every metre along the transect, and the mean 
values calculated. Other habitat variables were measured using a vertical structure 
pole placed each metre along the transect. Every plant that touched the pole was 
recorded within a life-form category (forb, grass, non-grass graminoid, fern, shrub, 
Eucalyptus spp. sapling., Eucalyptus spp., or other tree) and height-class category (0-
0.5 m, 0.5-1 m, 1-2 m, 2-4 m, and > 4 m) measured from the ground. Mature 
Eucalyptus spp. trees were counted as “Eucalyptus spp.”, while Eucalyptus spp. trees 
that had grown from seed following the 2009 fire were considered “saplings”. 
3.2.4 Mammals 
Mammal species were surveyed from January to August 2011, using passive 
ScoutGuard 550V digital cameras, which have an infra-red sensor triggered by  
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Table 3.1. Summary of habitat components, grouped by strata, that were used 
as predictor variables in mammal-habitat association models and as response 
variables in relation to fire severity and topography ~ 2 years after wildfire in 
south-eastern Australia. 
 
 
motion. Three cameras were positioned along each transect at 100 m intervals and, 
when triggered, were programmed to capture three still photos of five megapixels 
within approximately six seconds. Each camera was left in place for at least 14 
nights; cameras that failed to capture a test photo at the time of removal were 
considered to have stopped working after the last photo was taken.  
Two of the three cameras along each transect were positioned to target small 
mammal species. These cameras were positioned vertically (lens facing the ground), 
attached to steel posts at 1.3 m above ground, giving an approximate field of view of 
100 × 75 cm. At each camera, vegetation within the field of view was cleared. A 
sensory lure of cotton wadding soaked in a mixture of peanut butter, honey, peanut 
Strata Variable name Variable description Mean Range 
Ground Litter depth¥ Average depth of litter across 
transect measured from top of litter 
to top of organic layer of soil (cm)  
0.86 0-3.84 
 Logs Number of logs ≥ 10 cm diameter 
that intersected the habitat transect 
5.16 0-21 
Low cover Low shrubs Sum of touches of the structure 
pole within three height classes: 0-
0.5 m, 0.5-1 m, 1-2 m 
30.12 0-160 
 Low ferns Sum of touches of the structure 
pole within three height classes: 0-
0.5 m, 0.5-1 m, 1-2 m 
61.24 0-208 
 Eucalyptus spp. 
saplings 
Sum of touches of the structure 
pole within three height classes: 0-
0.5 m, 0.5-1 m, 1-2 m 
15.86 0-144 
Tall cover Tall shrubs* Touches of the structure pole 
within the height class: 2-4 m 
6.40 0-94 
 Tall ferns* Touches of the structure pole 
within the height class: 2-4 m 
3.10 0-44 
Tree Tree basal area m2 ha-1 of all live & dead trees  41.24 0-90 
 Canopy % canopy cover 22.07 0-40 
¥Log transformed as response variable in fire models 
*Log transformed when used as a predictor variable in mammal models 
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oil, vanilla essence and white truffle oil was housed in a plastic bait holder with wire 
mesh sides, and secured to the ground using a tent peg in the centre of the camera’s 
field of view. The third camera was positioned at one end of each transect, targeting 
introduced carnivores. While introduced carnivores are not a focus of this study, 
larger native mammal species were captured by these cameras. These cameras were 
placed at alternate ends on the gully and slope transect of each site, and attached 
horizontally to an aluminium post 0.5 m from the ground. A sensory lure of cotton 
wadding soaked in a mixture of tuna oil and white truffle oil was housed in a bait 
holder, and secured to the ground ~ 1.5 m from the base of the pole. Vegetation was 
cleared between the post and the bait holder.  
Identification of species captured in a photo was based on several features, including: 
the size of the animal relative to the lure holder; the shape and relative lengths of the 
body, head and tail; and the colour (daytime), shade (night) and pattern of features 
such as pelt, ears, paws and tail. Identification was undertaken by two people (M.B. 
and E.K.C) who had experience identifying the mammals within the study area. 
Photos were excluded from analysis if identifying features were not visible or were 
ambiguous. Of the 5392 photo events that recorded an animal, 99% could be 
identified to genus and 96% to species. 
3.2.5 Statistical analysis 
In order to determine how habitat components respond to wildfire severity and 
topography, and how mammal species respond to habitat structure following 
wildfire, I selected a set of nine variables representing habitat components (Table 
3.1). These candidate variables were based on known mammal habitat requirements 
(Barnett et al. 1978; Hill 1981; Hollis et al. 1986; Bennett 1993; Catling and Burt 
1995; Holland and Bennett 2007; Claridge et al. 2008; Di Stefano et al. 2009). 
Potential habitat variables included amalgamations of measured components (e.g. 
counts of different life-forms added together at a given height class, or a life-form 
added across height classes). Co-linearity of variables was evident, particularly 
between the same life-form within different height classes; however, variables within 
the final set had correlations of < 0.6 (Pearson correlation coefficient). Where 
required, variables were transformed to improve model fit (based on comparisons of 
the AICc values of the untransformed and transformed univariate models for each 
mammal species).  
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I used generalised linear mixed models to model relationships between response and 
predictor variables (Zuur et al. 2009). The random predictors ‘site’ and ‘reserve’ 
were included in all models; ‘site’ (n = 80), to account for nesting of gully and slope 
transects within the same site; and ‘reserve’ (n = 9) to account for spatial and 
disturbance similarities between sites located within the same national park or state 
forest. ‘Season’ (summer, autumn, winter) was also included as a random predictor 
in mammal-habitat association models to account for any seasonal differences in 
occupancy, abundance or detectability of mammal species. 
3.2.6 Effects of fire severity and topography on habitat components 
To determine whether wildfire and topography have additive or interacting effects on 
habitat components, habitat variables (Table 3.1) were modelled by the fixed factors 
‘fire severity’ (i.e. unburnt – sites within or nearby the fire boundary; understorey 
burnt – crown largely intact; severely burnt – understorey burnt and crown scorched 
or burnt), and ‘topography’ (gully or slope). The model set included four models: 
‘fire severity’, ‘topography’, ‘fire severity + topography’, and ‘fire severity × 
topography’. The response variables ‘litter depth’ and ‘tree basal area’ were 
continuous and were modelled using linear mixed models. ‘Litter depth’ was log10 
transformed to improve normality. The response variable ‘logs’ comprised count data 
and was modelled using a generalised linear mixed model with a Poisson error 
structure and log link. The remaining variables were modelled as proportions 
(lifeform touches of the structure pole / the total possible number of touches) using 
generalised linear mixed models with a binomial error structure and logit link (Zuur 
et al. 2009). 
3.2.7 Mammal-habitat-associations 
Response variables were modelled as both the reporting rate (see below) and 
presence/absence of individual species. Data from the three cameras on each transect 
were pooled for analysis of larger native mammal species, while data from the two 
vertical cameras on each transect were pooled for analysis of the small mammals 
(agile antechinus Antechinus agilis and bush rat Rattus fuscipes). Analysis of 
presence/absence was undertaken only for species that had > 70% probability that 
absences were true absences after 14 nights of sampling, assuming all cameras 
functioned (see Chapter 2). Only photos from cameras that functioned for sufficient 
nights to attain 70% detection probability were included in analyses. Individual 
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animals could not be identified in photos, so the reporting rate was taken as the 
proportion of camera nights (midday-midday, as all species are largely nocturnal or 
crepuscular) per transect on which a species was recorded. Modelling reporting rate 
as a proportion accommodated differences in survey effort due to camera failure. 
However, to minimise variation in survey effort, only transects that had a cumulative 
total of at least 10 camera nights across cameras (with two cameras) or at least 15 
camera nights (three cameras) were included.  
I assumed that different mammal species would respond to particular habitat strata, 
rather than individual habitat components per se, and, therefore, habitat variables 
within four strata levels (ground, low cover, tall cover, tree) were grouped for 
analysis (Table 3.1). The model set (n = 16) included all combinations of the four 
strata groups of habitat variables. I used generalised linear mixed models with a 
binomial error structure and a logit link (Zuur et al. 2009). Predictor variables were 
standardised (i.e. rescaled to have a mean of zero and a standard deviation of one) to 
allow comparison of estimates and, where necessary, log10 transformed to improve 
model fit (Table 3.1).  
3.2.8 Model selection 
An information theoretic approach was used to identify the model(s) most supported 
by the data. Akaike’s information criterion for small sample sizes (AICc) was used to 
rank models, and if a single model did not clearly stand out (i.e. AICc weights were 
< 0.9), I used model-averaged coefficients and adjusted standard errors (degrees of 
freedom taken into account) to estimate parameters (Burnham and Anderson 2002). 
Variables were considered important if model-averaged standard errors multiplied by 
1.645 (90% confidence interval) did not include zero. Model fit was assessed by 
plotting model residuals against the fitted values and each predictor variable, and by 
calculating the marginal (fixed terms only) and conditional (full model) R2 values of 
the global model (Nakagawa and Schielzeth 2013).  
Analyses were undertaken using the R programming language (R Development Core 
Team 2010). I used the package ‘lme4’ to run generalised linear mixed models 
(Bates and Maechler 2011). The package ‘MuMIn’ was used for model selection, 
model averaging, and generating R2 values (Bartoń 2009). The package 
‘AICcModavg’ was used for generating predictions from fitted models (Mazerolle 
2012). 
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3.2.9 Comparing habitat-association models with fire models 
To compare how well habitat-association models and models of fire severity (either 
alone or in combination with topography) explained the distribution of mammal 
species, I compared the conditional R2 values of the global presence/absence and 
reporting rate habitat-association models (including the random factors site, reserve 
and season) formulated in the current study, and the fire and topography 
presence/absence models (formulated previously in Chapter 2) and reporting rate 
models (formulated during preparation of Chapter 2, but results not presented due to 
similarity with presence/absence models). 
 
3.3 Results 
I captured photos of 13 species of native Australian mammal, of which six were 
recorded frequently enough for analysis (Chapter 2): agile antechinus Antechinus 
agilis, bush rat Rattus fuscipes, mountain brushtail possum Trichosurus 
cunninghamii, common wombat Vombatus ursinus, swamp wallaby Wallabia 
bicolor, and eastern grey kangaroo Macropus giganteus. 
3.3.1 Responses of habitat components to wildfire severity and topography 
Eight of the nine habitat components were influenced by fire severity and topography 
(Table 3.2). Low shrub cover, low fern cover, Eucalyptus spp. sapling cover, tall 
shrub cover, and tree basal area were influenced by fire severity, topography and 
their interaction; while litter depth, logs, and canopy cover were influenced by fire 
severity and topography, but the effects of these variables did not interact. The cover 
of tall ferns was influenced only by topography. In cases where the Akaike weight of 
the best model was < 0.9 (Table 3.2), the best model and model-averaged estimates 
identified the same variables as important, and I therefore based model predictions 
on the best model (Fig. 3.1).  
3.3.2 Mammal-habitat-associations 
There was considerable model uncertainty for all species: between 25% and 44% of 
the alternative models of the presence of mammals were within the 90% confidence 
set (Table 3.3), while between 13% and 69% of models of reporting rate were within  
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Table 3.2. Candidate models of the effects of wildfire and topography on key habitat components for mammals in south-eastern Australia. 
Included are log-likelihood values (Log(L)), degrees of freedom (df), AICc values, AICc differences (Δi), Akaike weights (Wi), and R2 values of the 
fixed terms (marginal) and fixed and random terms (conditional). Only models within the 90% confidence set (cumulative Wi≥ 0.9) are included. 
Habitat component Model df Log(L) AICc ∆i Wi 
R2 
(marginal) 
R2 
(conditional) 
Litter depth Fire severity + topography 7 32.01 -49.3 0 0.669 0.329 0.588 
 Fire severity 6 30.18 -47.8 1.48 0.320 0.304 0.542 
Logs Fire severity + topography 6 -434.0 880.6 0 0.735 0.107 0.171 
 Fire severity × topography 8 -433.0 883.0 2.39 0.223 0.107 0.171 
Low shrubs Fire severity × topography 8 -929.1 1875 0 1 0.042 0.285 
Low ferns Fire severity × topography 8 -1194 2404 0 1 0.020 0.151 
Eucalyptus spp. saplings Fire severity × topography 8 -475.9 968.7 0 0.998 0.481 0.678 
Tall shrubs Fire severity × topography 8 -244.2 505.3 0 0.996 0.245 0.761 
Tall ferns Topography 4 -156.2 320.7 0 0.732 0.855 0.946 
 Fire severity + topography 6 -155.2 323.0 2.22 0.241 0.972 0.989 
Tree basal area Fire severity × topography 9 -612.3 1244 0 0.947 0.092 0.677 
Canopy Fire severity + topography 6 -572.0 1157 0 0.893 0.096 0.145 
 Fire severity × topography 8 -572.0 1161 4.25 0.107 0.097 0.125 
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Figure 3.1. Predicted availability of key habitat components for mammals in relation to fire severity and topography, ~ 2 years after the 
‘Black Saturday’ wildfire in south-eastern Australia. Predictions are based on the best model for each habitat component (Table 2). 
Litter Logs Low shrubs 
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Figure 3.1. Continued 
Low ferns Eucalyptus spp. saplings Tall shrubs 
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Figure 3.1. Continued 
Tall ferns Tree basal area Canopy 
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the 90% confidence set (Table 3.4). Consequently, I based inference on the model- 
averaged estimate of each habitat component for each mammal species.  
Model averaging revealed that each habitat component was an important predictor 
(i.e. 90% confidence intervals did not include zero) of the presence and/or reporting 
rate for at least one species (Fig. 3.2). Small mammals were most influenced by 
vegetation cover. The agile antechinus was influenced by the cover of tall (2-4 m 
height) vegetation; the probability of presence and the reporting rate of this species 
decreased as tall shrub cover increased, and reporting rate was also positively 
associated with tall fern cover and canopy cover (Fig. 3.2). The bush rat responded 
most strongly to low cover (< 2 m height); both the probability of presence and the 
reporting rate increased as the cover of several plant life forms (ferns, shrubs, 
Eucalyptus spp. saplings) increased below 2 m (Fig. 3.2).  
 
Neither the presence nor reporting rate of the arboreal mountain brushtail possum 
was associated with any of the habitat components considered (Fig. 3.2). However, 
herbivorous and browsing mammals (common wombat, swamp wallaby, eastern grey 
kangaroo) were less likely to occur and had lower reporting rates as the abundance of 
logs and the cover of ferns and shrubs increased (Fig. 3.2). One exception was the 
reporting rate of the swamp wallaby, which increased as the cover of Eucalyptus spp. 
saplings increased (Fig. 3.2).  
3.3.3 Comparing habitat-association models with fire severity and topography 
models 
Comparisons of the model fit (conditional R2; Fig. 3.3) for models based on 1) fire 
severity, 2) fire severity interacting with topography, and 3) habitat-associations, 
indicate that the presence of the agile antechinus, bush rat, common wombat, and 
eastern grey kangaroo was best explained by the global habitat association model 
(Fig. 3.3). The presence of the mountain brushtail possum and swamp wallaby, 
however, was best explained by the model of fire severity interacting with 
topography (Fig. 3.3). The reporting rate of the agile antechinus, mountain brushtail 
possum and eastern grey kangaroo was best explained by the global habitat 
association model (Fig. 3.3), while the reporting rate of the bush rat, common 
wombat and swamp wallaby was best explained by the model of fire severity 
interacting with topography. The models of fire severity interacting with topography  
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Figure 3.2. Standardised coefficients (± 90% confidence intervals) for 
generalised linear mixed models of a) presence and b) reporting rate of mammal 
species in relation to habitat components ~ 2 years after the ‘Black Saturday’ 
wildfire in south-eastern Australia. Solid circles indicate variables for which the 
90% confidence interval does not include zero. 
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Table 3.3. Models of the association between the presence of mammal species and habitat components at four vertical strata: 1) ground (litter 
depth and abundance of logs); 2) low vegetation cover (0-2 m); 3) tall vegetation cover (2-4 m); and 4) trees (canopy cover and tree basal area) 
after wildfire in south-eastern Australia. Included are degrees of freedom (df), log-likelihood values (Log(L)), degrees of freedom (df), AICc values, 
AICc differences (Δi), Akaike weights (Wi), and R2 values of the fixed terms (marginal) and fixed and random terms (conditional). Only models within 
∆i 2 of the best model are shown, due to the large number of models within the 90% confidence set (cumulative Wi≥ 0.9). 
Species Model df Log(L) AICc ∆i Wi 
R2 
(marginal) 
R2 
(conditional) 
Antechinus agilis Tall cover 6 -81.91 176.5 0.00 0.469 0.103 0.303 
 Ground + Tall cover 8 -80.59 178.3 1.82 0.189 0.126 0.360 
 
Rattus fuscipes Low cover + Tall cover 9 -73.39 166.1 0.00 0.448 0.462 0.579 
 Low cover + Tall cover + Tree 11 -71.43 166.9 0.74 0.309 0.488 0.573 
 
Trichosurus cunninghamii Tree 6 -58.58 130.1 0.00 0.353 0.083 0.296 
 Null 4 -61.20 130.8 0.76 0.242 0.000 0.237 
 Tall cover + Tree 8 -57.21 132.0 1.91 0.136 0.126 0.376 
 
Vombatus ursinus Ground 6 -69.72 152.1 0.00 0.388 0.048 0.615 
 Ground + Low cover 9 -66.97 153.5 1.34 0.199 0.079 0.714 
 
Wallabia bicolor Tall cover 6 -67.56 147.8 0.00 0.561 0.125 0.166 
 Ground + Tall cover 8 -66.14 149.4 1.66 0.245 0.157 0.189 
 
Macropus giganteus Low cover 7 -43.60 102.4 0.00 0.376 0.273 0.503 
 Ground + Low cover 9 -41.51 103.3 0.58 0.281 0.316 0.512 
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Table 3.4. Models of the association between the reporting rate of mammal species and habitat components at four vertical strata: 1) ground 
(litter depth and abundance of logs); 2) low vegetation cover (0-2 m); 3) tall vegetation cover (2-4 m); and 4) trees (canopy cover and tree basal 
area) after wildfire in south-eastern Australia. Included are degrees of freedom (df), log-likelihood values (Log(L)), AICc values, AICc differences 
(Δi), Akaike weights (Wi), and R2 values of the fixed terms (marginal) and fixed and random terms (conditional). Only models within ∆i 2 of the best 
model are shown, due to the large number of models within the 90% confidence set (cumulative Wi≥ 0.9). 
Species Model df Log(L) AICc ∆i Wi 
R2 
(marginal) 
R2 
(conditional) 
Antechinus agilis Tall cover + Tree 8 -172.2 361.5 0.00 0.307 0.060 0.432 
 Tall cover 6 -174.9 362.3 0.82 0.203 0.048 0.395 
 Ground + Tall cover 8 -172.9 362.7 1.22 0.167 0.065 0.417 
Rattus fuscipes Global 13 -302.1 632.9 0.00 0.753 0.212 0.451 
Trichosurus cunninghamii Null 4 -150.9 310.0 0.00 0.418 0.000 0.432 
 Tree 6 -149.5 311.6 1.59 0.188 0.012 0.411 
Vombatus ursinus Tall cover 6 -224.1 460.7 0.00 0.259 0.016 0.272 
 Tree 6 -225.0 462.5 1.77 0.107 0.014 0.266 
 Ground + Tree 8 -222.8 462.5 1.82 0.105 0.027 0.260 
Wallabia bicolor Ground + Low cover 9 -331.4 682.0 0.00 0.265 0.038 0.167 
 Ground + Tall cover 8 -332.8 682.6 0.59 0.198 0.033 0.156 
 Ground 6 -355.4 683.4 1.39 0.132 0.028 0.151 
 Ground + Low cover + Tall cover 11 -330.0 383.8 1.79 0.109 0.039 0.168 
 Ground + Low cover + Tree 11 -330.1 684.0 1.99 0.098 0.037 0.170 
Macropus giganteus Ground + Low cover 9 -112.5 244.2 0.00 0.525 0.164 0.439 
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Figure 3.3. Variance explained (R2) for competing models of a) occurrence and 
b) reporting rate of mammal species after wildfire in south-eastern Australia. 
Models are based on either fire severity, fire severity × topography, or the global 
habitat association model which included nine habitat components (see Table 1). All 
models include the random factors ‘site’, ‘reserve’ and ‘season’. The fire severity 
models are from Chapter 2. 
a) b) 
  
 
 
explained more variance than those of fire severity alone in the presence and 
reporting rate of all species (Fig. 3.3). 
 
3.4 Discussion 
Understanding how fire affects animal species is critical to sound land management 
in fire-prone ecosystems (Driscoll et al. 2010). Over long time-scales, the influence 
of fire on animal species is indirect, mediated through changes to their habitat 
(Monamy and Fox 2000; Smucker et al. 2005). Consistent with this, I found that 
habitat-association models explained a larger amount of variance in the distribution 
of four of six mammal species compared with fire severity models alone. However, 
when I allowed the effects of fire severity to differ between gullies and slopes, this 
model explained the most variance for two species, and consistently explained more 
variance than when the effects of fire severity were fixed across the landscape.  
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3.4.1 Influence of fire severity and topography on mammal habitats 
Fire has a strong influence on patterns of vegetation structure (Bradstock 2008; 
Bowman et al. 2009), but environmental variation, such as in topography, soil type, 
moisture availability and vegetation type can continue to influence vegetation 
structure in the post-fire environment (Capitanio and Carcaillet 2008; Engel and 
Abella 2011). All except one of the habitat components I selected were influenced by 
both fire severity and topography; the remaining component, tall ferns, was 
influenced only by topography, with greater cover in gullies than on slopes.  
Two years after wildfire, the depth of litter, abundance of logs, cover of tall shrubs, 
canopy cover and tree basal area remained reduced compared with unburnt sites. 
However, the cover of low shrubs, low ferns and eucalypt saplings was greater in 
burnt sites, particularly those burnt severely, compared with unburnt sites. Fire can 
both reduce the structural complexity of vegetation, because vegetation is consumed 
by the fire (Catling et al. 2001), and also create structure, as plants are recruited or 
regenerate (Gill 1975). Fire has the potential, therefore, to both diminish habitat 
quality for some animal species (e.g. Abbott 1984; Lindenmayer et al. 2013), and 
provide new or improved habitat for other animal species (e.g. Hutto 2008; Hutto et 
al. 2015). Habitat components that accumulate slowly, such as logs, tree hollows and 
litter, are likely to be reduced for many years after a large wildfire (Kaufman et al. 
1989; Tinker and Knight 2000; Banks et al. 2011). 
Most vegetation components had greater cover or availability in gullies than on 
slopes, likely reflecting the greater productivity of moist gullies compared with drier 
slopes (Huggett and Cheeseman 2002). This was the case across all fire severity 
classes, demonstrating the important role of topography in controlling habitat 
availability, even soon after wildfire (Huston 2003; Collins et al. 2012a). Tree basal 
area and canopy cover were greatest on slopes, however, which may reflect a greater 
abundance of small trees on slopes than in gullies. The influence of fire severity 
differed between gullies and slopes for several habitat components, suggesting that 
mixed-severity fires can substantially increase heterogeneity in forest structure across 
a fire-affected landscape. 
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3.4.2 Mammal-habitat-associations after wildfire 
Small mammals rely on dense vegetative cover and logs for shelter, and often are 
associated with deep leaf litter, in which they may forage (Fox 1990; Bennett 1993; 
Catling and Burt 1995). Consistent with previous studies, the presence and reporting 
rate of the bush rat was positively associated with the cover of low vegetation and 
logs (Bennett 1993; Catling and Burt 1995; Catling et al. 2000). By contrast, the 
agile antechinus was not influenced by low vegetation cover, but responded 
positively to the cover of tall ferns and canopy tree layer, and negatively to tall 
shrubs. The agile antechinus tends to be less reliant on dense understorey structure 
than the bush rat (Bennett 1990; Catling and Burt 1995), and often nests in tree 
hollows (Cockburn and Lazenby-Cohen 1992; Gibbons et al. 2002). It may, 
therefore, be responding to hollow availability, as well as the distribution of 
terrestrial invertebrates, their primary food source (Lunney et al. 2001). Despite 
previously reported similarities in habitat associations for the agile antechinus and 
bush rat (Bennett 1993; Catling and Burt 1995), in this post-fire landscape they 
appear to be responding to quite different aspects of vegetation structure. 
Competitive interactions between bush rats and agile antechinus may also have 
influenced the contrasting habitat-associations (Banks and Dickman 2000). 
Herbivorous mammals often forage in open, grassy vegetation (Hill 1981; Pratt et al. 
1986; Catling et al. 2000). Consistent with this, I found that the reporting rates of the 
larger, herbivorous species (common wombat, swamp wallaby, eastern grey 
kangaroo) generally decreased as vegetation cover increased, particularly the cover 
of tall ferns and low shrubs. The distribution of herbivorous species was less clearly 
influenced by vegetation structure, likely relating to the use of more open vegetation 
for foraging and more complex vegetation structure for shelter (Pratt et al. 1986; 
Coulson et al. 2014). One exception was the positive relationship between the swamp 
wallaby and the cover of eucalypt saplings regenerating from seed. Swamp wallabies 
are able to persist across a wide range of vegetation structure, but are more 
commonly associated with dense, structurally complex vegetation, compared with 
the other herbivorous species studied (Di Stefano et al. 2009). Regenerating plants 
may also provide a flush of food for swamp wallabies, as this species is 
predominantly a browser, rather than grazer (Hollis et al. 1986; Di Stefano et al. 
2009). Generally, herbivores exhibited similar responses to habitat availability, but 
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changes in habitat clearly associated with fire (i.e. eucalypt saplings) influenced the 
distribution of only one species. 
Arboreal mammals typically are associated with the tree canopy layer (Bennett et al. 
1991; Umapathy and Kumar 2000), as canopy vegetation can provide both shelter 
and food (Estrada and Coates-Estrada 1985; Jekanoski and Kaufman 1995). Many 
arboreal mammals also spend some time moving and foraging on the ground, and 
therefore also rely on habitat components in the lower vegetation strata (e.g. tall 
shrubs), as well as on the ground (Bennett et al. 1991; Wells et al. 2004). I did not 
specifically target arboreal mammals in this study, but was able to include one 
predominantly arboreal species, the mountain brushtail possum. The preferred model 
for this species included canopy cover and tree basal area, but did not have strong 
support. Canopy cover per se may be less important for the mountain brushtail 
possum than for other arboreal mammal species, because mountain brushtail 
possums regularly travel and forage below the canopy and on the ground (Martin 
2006). Arboreal mammals that spend more time in the canopy have been found to be 
absent or at low abundance in areas where fire has consumed the canopy, and forest 
stands that retain the canopy may represent important refuges for these species after 
wildfire (Barlow and Peres 2004; Fisher and Wilkinson 2005; Lindenmayer et al. 
2013; Berry et al. 2015). 
3.4.3 Comparing habitat-association models and fire severity models for mammal 
species 
Rather than fire directly influencing the distribution of animal species, the 
relationship between fauna and fire is largely indirect, mediated through fire-induced 
changes to their habitat (Monamy and Fox 2000). I found that habitat-association 
models explained a larger proportion of variation in the distribution of four of the six 
species recorded compared with models of fire severity or fire severity interacting 
with topography. For reporting rate, three of the six species recorded were better 
explained by habitat-association models. The model of fire severity interacting with 
topography was a better fit for the distribution of two species and for the reporting 
rate of three species. Notably, for all species, the model incorporating both fire 
severity and topography explained the response of mammals to wildfire better than 
did the model of fire severity alone. This is consistent with my findings that most 
habitat components also responded to both fire severity and topographic position, 
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and it corresponds with the results from similar studies that have examined the 
influence of time since fire and vegetation type on mammals (Catling et al. 2001), 
reptiles (Nimmo et al. 2014), and birds (Watson et al. 2011; Sitters et al. 2014). 
Together, these findings indicate that recognising the influence of environmental 
variation will improve the capacity to predict how animal species respond spatially to 
large wildfire (sensu Nimmo et al. 2014).  
While fire severity and topography had important effects on the distribution of 
mammal species, site attributes were also important. A large proportion of the 
variation explained by our models (14-88%) was attributed to random factors related 
to the site and/or the reserve (geographic location) in which the site was located. The 
addition of further landscape characteristics and components of the fire regime in 
fauna-fire models would increase understanding of these interrelated drivers of 
animal populations. Finding suitable replicate sites within a natural experiment, 
however, is a challenge in large, correlative studies. Species interactions, such as 
competition and predation, are also likely to be influencing the distribution of some 
species, and such interactions are difficult to measure and model (Elith and 
Leathwick 2009).  
3.4.4 Conclusions  
Two years after the large ‘Black Saturday’ wildfire, variables representing habitat 
components explained the distribution of most mammal species better than did 
categories of fire severity. However, when the effects of fire severity were 
incorporated with topographic position (slopes and gullies), the fire models had 
similar explanatory power to that of habitat-association models. The interaction 
between environmental variation and the temporal effects of fire on animal species 
has been demonstrated (Watson et al. 2011; Nimmo et al. 2014). To our knowledge, 
how environmental variation and the spatial patterns of fire severity interact to 
determine the distribution of animal species soon after fire has not previously been 
investigated. Following a large wildfire, mapped patterns of fire severity together 
with relevant measures of environmental variation may, therefore, provide insight 
into the likely impact of fire on mammal species. But basic knowledge of animal-
habitat associations and fire-habitat associations are required; while recovery 
trajectories will also be influenced by post-fire climatic conditions (Letnic et al. 
2004; Kelly et al. 2011). Nevertheless, studies such as this improve our capacity to 
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predict how animals respond to fire, and therefore improve the potential for effective 
conservation of fauna in fire-prone ecosystems. 
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Chapter 4 
Interacting effects of fire severity, fire interval 
and topography on vegetation structure after 
wildfire 
 
 
Gully regeneration in a severely burnt area 18 months after the ‘Black 
Saturday’ wildfires (Photo: Evelyn Chia) 
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Abstract 
Maintaining the structural complexity of forests is essential for the conservation of 
diverse, functional forest ecosystems. It is well known that vegetation structure is 
influenced by fire; but better understanding of how fire properties, fire regimes and 
environmental variation interact to affect spatial patterns of structural complexity is 
required in the face of changing fire regimes. Here, we investigated the influence of 
fire severity, time since last fire and topographic position on vegetation structure in 
foothill eucalypt forests, two years after a large wildfire in south-eastern Australia. 
These forests are characterised by Eucalyptus spp. trees that typically survive intense 
fires and resprout from epicormic buds. We undertook surveys of the percentage 
cover of nine plant lifeforms in each of five vertical strata to answer three main 
questions. Firstly, we asked: Does topography influence vegetation structure? 
Combining sites across all levels of fire severity, we found that forest gullies had 
significantly greater structural complexity than forest slopes. We then asked: Do fire 
severity and time since last fire influence vegetation structure? When compared with 
gullies and slopes that remained unburnt during the wildfire, gullies and slopes in 
which the crown was scorched or consumed had a reduced canopy cover but a denser 
cover of eucalypt saplings up to 4 m tall. Understorey fire had much less influence 
on the structure of vegetation at 2 years post-fire than did severe fire, with a 
significant effect only on slopes. There was little effect of the time since last fire (≤ 3 
years vs. ≥ 20 years) on vegetation structure in either gullies or slopes. Finally, we 
asked: Does fire homogenise vegetation structure across gullies and slopes? We 
compared a similarity index of vegetation structure between paired gullies and slopes 
that experienced the same fire severity and found that fire did not homogenise 
vegetation structure between gullies and slopes within any severity category. Two 
years after a large wildfire, heterogeneity in the structural complexity of forest 
vegetation was evident at both the site and landscape scale. At the landscape scale, 
fire-induced heterogeneity in vegetation structure, arising from spatial variation in 
fire severity, provides a variety of habitat structures for plants and animals. At a finer 
scale, the rapid return of distinct vegetation structure between adjacent gullies and 
slopes is important for the persistence of species that depend on a complex 
vegetation structure or require fine-scale heterogeneity in vegetation.  
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4.1 Introduction 
Protection and maintenance of the structural complexity of forests is a key 
management goal in forest ecosystems worldwide (Fischer et al. 2006; Lindenmayer 
et al. 2006). Structural complexity, considered here as the cover of vegetation within 
multiple vertical strata, influences the quality of habitat for plants (Wales 1972; 
Munro et al. 2009), animals (Lack 1933; Heliövaara and Väisänen 1984; Williams et 
al. 2002; Arthur et al. 2012), fungi (Anderson et al. 2003), and microbes (Hart et al. 
2005). Fire is an important disturbance mechanism in many forest ecosystems (Bond 
et al. 2005; Bowman et al. 2009); it may simplify vegetation structure through 
consumption of plants (Catling et al. 2001), and also increase structural complexity 
through the stimulation of germination and sprouting of plants post-fire (Gill 1975). 
Fire does not affect landscapes uniformly. Fire regimes interact with environmental 
variation to create patterns of vegetation structure that are spatially and temporally 
heterogeneous (Turner et al. 1999; Collins et al. 2012a). The structural complexity of 
vegetation can be readily assessed, and patterns of vegetation structure can provide a 
surrogate to assess the overall effects of disturbance on biodiversity (Schwilk et al. 
2009; Haugo et al. 2015; Kelly et al. 2015). 
During a large fire, environmental gradients, time since last fire, and variation in 
weather conditions result in spatial variation in fire severity: some areas remain as 
residual unburnt patches, some areas burn at low severity leaving the canopy layer 
intact, and other areas are severely burnt with all strata of vegetation scorched or 
consumed (Eberhart and Woodard 1987; Schoennagel et al. 2008; Leonard et al. 
2014). As such, after a wildfire, a mosaic of areas that differ with respect to fire 
severity overlays the effects of past disturbances (Bradstock et al. 2005). This 
produces complex patterns of structural complexity across the landscape (Turner et 
al. 1994; Spencer and Baxter 2006; Avitabile et al. 2013). Such spatial heterogeneity 
in vegetation structure is predicted to be important for biodiversity conservation in 
fire-prone regions, as it provides for a diversity of niches for plants and animals 
(Martin and Sapsis 1992; Parr and Brockett 1999; Fuhlendorf et al. 2006).  
Variation in fire severity and time since last fire can create heterogeneity in 
vegetation structure at the scale of a large wildfire; however, at finer spatial scales, 
there is also the potential for severe wildfire and short inter-fire intervals to lead to 
the simplification and homogenisation of vegetation structure. First, spatial variation 
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in vegetation structure can be temporarily removed by fire when large areas are burnt 
severely (Bradstock et al. 2010). Second, short inter-fire intervals tend to reduce the 
abundance of obligate seeding plants (Bradstock et al. 1997; Morrison and Renwick 
2000; Schaffhauser et al. 2011), thus resulting in simplified vegetation structure and 
often the loss of woody shrubs (Catling et al. 2001). In many fire-prone forests 
globally, and particularly in south-eastern Australia, fires are predicted to become 
larger, more severe and more frequent under climate change scenarios (Hennessy et 
al. 2005; Moritz et al. 2012). Such changes have the potential to lead to simplified 
and homogenised vegetation structure across the landscape (Collins et al. 2012b).  
Changes in fire regimes towards larger, more severe and frequent fires also have the 
potential to override environmental feedbacks that tend to maintain heterogeneity at 
the landscape scale. For example, areas with high fuel moisture, such as gullies and 
riparian areas, often escape fire or are burnt less severely than surrounding, drier, 
slopes (Penman et al. 2007; Bradstock et al. 2010; Leonard et al. 2014). This 
contributes to heterogeneity at the landscape-scale (Mackey et al. 2012), and may 
also provide refuge to fauna during fire events (Robinson et al. 2013). However, 
during extreme fire conditions, gullies may burn just as severely as surrounding 
slopes (Gill and Allan 2008; Leonard et al. 2014). When this occurs, vegetation 
structure can be homogenised across topographic gradients (Banks et al. 2010), and 
potential refuges are modified by the fire event.  
Here, we examine the effects of fire severity and time since last fire on vegetation 
structure in a fire-prone, topographically diverse landscape following a large 
(228,000 ha) wildfire in south-eastern Australia. 
We posed three questions, and generated predictions for each.  
1. Does topography influence vegetation structure?  
If topography influences vegetation structure, I predict that: 
a. Gullies will have greater cover of vegetation at multiple vertical levels 
compared with slopes, because gullies have higher moisture 
availability. 
2. Do fire severity and time since last fire influence vegetation structure after a 
large wildfire, and is this dependent on topographic position?  
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If fire severity and time since last fire influence vegetation structure after a 
large wildfire, I predict that: 
a. Increasing fire severity will be associated with greater changes in 
vegetation structure. 
b. A short time since fire or inter-fire interval will influence vegetation 
structure at sites that remained unburnt by wildfire, or were less 
severely burnt. Severe wildfire will obscure the effects of time since 
last fire. 
If the influence of fire severity and time since last fire is dependent on 
topographic variation, I predict that: 
c. Two years after fire, the influence of fire severity on vegetation 
structure will be greater on slopes than in gullies, because vegetation 
in gullies will recover more rapidly. 
3. Does fire homogenise vegetation structure across gullies and slopes? 
If fire homogenises vegetation structure across gullies and slopes, I predict 
that: 
a. The degree of homogenisation will be positively related to fire 
severity. 
 
4.2 Methods 
4.2.1 Study area 
On ‘Black Saturday’, 7 February 2009, two wildfires in central Victoria, Australia, 
joined to form the Kilmore-Murrindindi fire complex. Less than 1% of the forest 
within the 228,000 fire perimeter remained unburnt (Leonard et al. 2014); however, 
fire severity in burnt areas ranged from forest stands that experienced a patchy 
understorey fire to those in which both understorey and tree crowns were consumed 
(Cruz et al. 2012). This study was undertaken in the foothill eucalypt forests that 
cover approximately half of the fire-affected area. Foothill forests are 
topographically diverse, consisting of gullies that support mesic forest, and drier 
slopes and ridges that support scleromorphic forest. Messmate stringybark 
Eucalyptus obliqua, narrow-leaved peppermint E. radiata, and broad-leaved 
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peppermint E. dives dominate the canopy of both gullies and slopes, while Victorian 
blue gum E. globulus occurs predominantly in damp gullies. Most individual trees of 
these species survive fire and resprout from epicormic shoots. Germination of 
eucalypt seed is also stimulated by fire (Gill 1975). Damp gullies have a dense shrub 
layer (to ~ 5 m height) and an understorey of herbs, grasses, and moisture-dependent 
ferns; while forests on drier slopes tend to have a dense cover of Austral bracken 
Pteridium esculentum, grasses and herbs, but a variable shrub layer (Oates and 
Taranto 2001). 
The 2009 ‘Black Saturday’ wildfire occurred in the last year of the ‘Millennium 
Drought’ (van Dijk et al. 2013), a decade-long El Niño-related drought that affected 
many areas globally, including south-eastern Australia (Zhao and Running 2010). In 
the two years following the wildfire (2010, 2011), a strong La Niña resulted in south-
eastern Australia receiving rainfall 50% above the average in 2010 and 2011 
(Australian Government Bureau of Meteorology).  
4.2.2 Study design 
Eighty sites were selected within, or adjacent to, the ‘Black Saturday’ fire perimeter 
(Fig. 4.1). Sites were located in National Park reserves (n = 24), State Forest 
Reserves (n = 53) and private property (n = 3). Sites were selected by interrogating 
post-fire aerial images and spatial layers using a geographic information system 
(GIS; ArcMap v 9.0). Spatial layers of previous fire boundaries, timber harvesting 
history and vegetation type were provided by the Victorian Government. On-ground 
assessments were undertaken at each site to verify the accuracy of spatial layers. 
While it is likely that all sites had been selectively harvested within the last 100 
years, sites were selected in areas that had no record of timber harvesting within the 
last 50 years, and no evidence of previous clear-cut harvesting. Each site (~ 5 ha in 
size) included a damp gully and an adjacent drier slope. An orthogonal design was 
employed, and sites were selected based on stratification by: 
1. Fire severity class: 
a. unburnt 
b. understorey burnt (but crown intact) 
c. crown scorched (and understorey burnt) 
d. crown burnt (and understorey burnt) 
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2. Time since last fire class:  
a. short: burnt within the 3 years before the 2009 wildfire  
b. long: not burnt for at least 20 years at the time of the wildfire 
4.2.3 Data collection 
Two 50 m transects were established at each site, one in a gully and one ~ 100-150 m 
upslope. Structural attributes were surveyed along each transect in February 2011, 
two years after the wildfire. We used a vertical structure pole placed each metre 
along the transect. Every plant that touched the pole was recorded within a life-form 
category (forb, grass, non-grass graminoid, fern, shrub, Eucalyptus spp., Eucalyptus 
spp. sapling, or non-Eucalyptus spp. tree) and height class category, measured from 
the ground (0-0.5 m, 0.5-1 m, 1-2 m, 2-4 m, and > 4 m). This resulted in 45 life-
form/height class combinations. Data points from each position along the transect 
were averaged and multiplied by 2 to give an estimate of percentage of cover. Mature 
eucalypt trees were counted as “Eucalyptus spp.”, while eucalypt trees that had 
grown from seed following the 2009 fire were considered “saplings”. 
4.2.4 Statistical analysis 
We used multivariate analysis to compare overall vegetation structure across 
topographic positions and fire regime categories. The multivariate ‘vegetation 
structure’ response variables were the 45 life-form/height class combinations of 
vegetation structural attributes. Statistical analysis proceeded in three stages, relating 
to the three study questions. Variables were considered significant if the 95% 
confidence intervals of the model coefficient did not include zero.  
Multivariate generalised linear models (GLMs) were used to answer the first two 
questions, which related to 1) the influence of topography, and 2) the relative and 
combined influences of fire severity and time since last fire, on vegetation structure. 
Multivariate GLMs directly model the underlying mean-variance relationship in the 
data, which allows explicit hypothesis testing (Wang et al. 2012). Multivariate GLMs 
were fitted assuming a negative binomial error distribution of the response variables 
(counts), and were fitted using the ‘manyGLM’ function in package ‘mvabund’ 
(Wang et al. 2012; Wang et al. 2014). All analyses were undertaken using the R 
programming language (R Development Core Team 2010).  
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Figure 4.1 Location of the study area. The 2009 ‘Black Saturday’ wildfire 
boundary is shown in black outline. Sites were stratified by the severity of the 2009 
wildfire (unburnt, understorey burnt, crown scorched, and crown burnt) and time 
since last fire (≤ 3 years or ≥ 20 years prior to 2009). 
 
 
4.2.4.1 Does topography influence vegetation structure? 
To test the influence of topography on vegetation structure, topography (gully, slope) 
and site (n = 80) were included as fixed factors in a multivariate GLM. ‘Site’ was 
included to account for spatial autocorrelation of adjacent slope and gully transects. 
Data were resampled using parametric bootstrapping, with the likelihood ratio 
employed as the test statistic (Wang et al. 2012). To determine which attributes of 
vegetation structure contributed to a significant difference between gullies and 
slopes, we ran individual models for each response variable, using the ‘p.uni’ 
function in ‘mvabund’. P-values were adjusted to control the family-wise error rate 
across attributes using a resampling-based implementation of Holm’s step-down 
multiple testing procedure (Wang et al. 2012). To compare vegetation structure 
across topographic positions, we plotted the abundances of variables that differed 
significantly between gullies and slopes (Wang et al. 2012). 
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4.2.4.2 Do fire severity and time since last fire influence vegetation structure after a 
large wildfire, and is this dependent on topographic position? 
To determine the influence of fire severity and time since last fire on vegetation 
structure, separate multivariate models were formulated for gully and slope transects. 
Separating gullies and slopes allowed us to compare the effects of the fire regime 
between gullies and slopes without including a three-way interaction between 
topography, fire severity and time since last fire in the model. Significant three-way 
interactions are very difficult to interpret in an ecologically meaningful way (Lewis 
1962).  
We applied multivariate GLMs to the separate gully and slope data, specifying fire 
severity (unburnt, understorey burnt, crown scorched, crown burnt), time since last 
fire (short, long), and the interaction between fire severity and time since last fire, as 
fixed predictor variables.  
As per the topography model, individual models for each response variable were 
formulated to determine which structural attributes contributed to differences 
between categories (Wang et al. 2012). Patterns of response to fire severity and time 
since last fire were determined by plotting the abundances of variables that differed 
significantly between fire severity and/or time since last fire classes (Wang et al. 
2012). 
4.2.4.3 Does fire homogenise vegetation structure across gullies and slopes? 
To determine whether fire homogenises vegetation structure across topographic 
positions, we first used a multivariate distance-based measure (Bray-Curtis 
dissimilarity) to generate a dissimilarity measure between each pair of adjacent gully 
and slope transects (i.e. a gully and slope within the same site, approximately 100 m 
apart). For ease of interpretation, we subtracted the dissimilarity values from 1 to 
give a measure of similarity. The similarity measures were then used as the response 
variable in a linear regression model, with fire severity, time since last fire, and the 
interaction between fire severity and time since last fire, specified as fixed factors. In 
this way, we tested whether the level of similarity (homogenisation) between gully 
and slope was influenced by components of the fire regime 
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Figure 4.2. Mean values (± SE) of the 12 vegetation structural attributes that differed most between gullies (grey) and slopes (white) two years 
after the ‘Black Saturday’ wildfire in south-eastern Australia. Nine structural attributes within each of five height classes (n = 45) were included as 
response variables in a multivariate analysis. Sites were combined across fire severity categories (unburnt through to canopy and understorey burnt). 
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4.3 Results 
4.3.1 Does topography influence vegetation structure? 
Vegetation structure differed between gullies and slopes (Wald statistic = 30.70, p < 
0.001). Gullies had a significantly greater cover of forbs, ferns, shrubs, and non-
Eucalyptus spp. trees in some height classes, while slopes had a greater cover of 
Eucalyptus spp. trees from 1-2 m and > 4 m (Fig. 4.2).  
4.3.2 Do fire severity and time since last fire influence vegetation structure? 
When slope and gully transects were modelled separately, vegetation structure at 
both topographic positions was influenced by fire severity (Table 4.1). In gullies, 
vegetation structure at crown scorched and crown burnt sites (but not understorey 
burnt) differed from that at unburnt sites. On slopes, vegetation structure in all burn 
categories was different to that at unburnt sites. Many structural attributes were 
similar across burnt and unburnt areas, but significant differences (gullies Fig 4.3; 
slopes Fig. 4.4) included decreasing eucalypt cover at > 4 m (i.e. canopy) with 
increasing fire severity, and increasing cover of eucalypt saplings with increasing fire 
severity. Understorey burnt sites had a sparse cover of eucalypt saplings, 
predominantly below 1 m, while crown scorched and crown burnt sites had a 
relatively dense cover of eucalypt saplings up to 4 m. Crown scorched and burnt sites 
also had greater cover of grasses, and a greater cover of ferns < 2 m, compared with 
unburnt sites, particularly in gullies (Fig. 4.3). Fire severity influenced the cover of 
shrubs only in gullies; shrub cover > 2 m was reduced in all burn severities compared 
with unburnt sites (Fig. 4.3).  
Univariate models of vegetation structural attributes indicated that time since last fire 
was important for some attributes. However, an overall effect of time since last fire 
on vegetation structure was evident only for crown scorched sites on slopes 
(significant fire severity × time since last fire interaction; Table 4.1). The responses 
of ferns and Eucalyptus spp. trees primarily drove this interaction. Ferns below 1 m 
had greater cover in crown scorched sites with a long time since last fire compared 
with unburnt sites with a long time since last fire, while in crown scorched sites with 
a short time since last fire, the difference was smaller or negligible. Conversely, 
when compared with unburnt sites with a long time since last fire, crown scorched 
and crown burnt sites with a short time since last fire had a denser cover of  
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Table 4.1. Multivariate generalised linear model (manyGLM) of the effects of wildfire severity and time since last fire on vegetation structure 
(i.e. the cover of nine lifeforms at five hight classes) two years after a large (228,000 ha) wildfire. Reference levels for categorical predictor 
variables are: Severity(unburnt), Time since last fire(long). Significant effects (p < 0.05) are shown in bold. 
Gully Slope 
Predictor Predictor level Wald statistic P Wald statistic P 
Intercept 35.816 0.001 48.04 0.001 
Severity Understorey burnt 5.613 0.102 6.444 0.011 
Crown scorched 7.160 0.005 9.14 0.001 
Crown burnt 10.636 0.001 12.372 0.001 
Time since last fire Short 5.529 0.125 5.168 0.093 
Severity ×  Time since last fire Understorey burnt × short 4.284 0.442 4.984 0.085 
Crown scorched × short 3.333 0.645 5.13 0.031 
Crown burnt × short 4.205 0.446 3.051 0.621 
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Figure 4.3. Mean (± SE) of the vegetation structural attributes that were significantly influenced by fire severity in gullies, two years after the 
‘Black Saturday’ wildfire in south-eastern Australia. Nine structural attributes within each of five height classes (n = 45) were included as response 
variables in a multivariate analysis. All variables shown include a significant difference between unburnt and at least one fire severity category. Euc. = 
Eucalyptus.  
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Figure 4.4. Mean (± SE) of the 12 vegetation structural attributes that were significantly influenced by fire severity on slopes, two years after 
the ‘Black Saturday’ wildfire in south-eastern Australia. Nine structural attributes within each of five height classes were included as response 
variables in a multivariate analysis. All variables shown include a significant difference between unburnt and at least one fire severity category Euc. = 
Eucalyptus. 
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Eucalyptus spp. trees < 0.5 m, while unburnt and understorey burnt sites with a short 
time since last fire did not. 
 
4.3.3 Does fire homogenise vegetation structure across gullies and slopes? 
When compared with adjacent unburnt slopes and gullies, vegetation structure was 
not homogenised between adjacent burnt slopes and gullies within any fire severity 
category (F3, 72 = 0.329, p = 0.805; Fig. 4.5). There was, however, a significant 
interaction between fire severity and time since last fire, whereby at crown scorched 
sites with a short time since last fire, gullies and slopes were less similar than at 
unburnt sites with a short time since last fire (t = -2.133, p = 0.036; Fig. 4.5). A 
similar (non-significant) trend was evident for understorey burnt sites (t = -1.880, p = 
0.064; Fig. 4.5).  
 
 
 
Figure 4.5. Predicted Bray-Curtis similarity index (± SE) for paired gullies and 
slopes with short (grey) and long (black) time since last fire within unburnt sites 
and for three levels of fire severity, 2 years after the ‘Black Saturday’ wildfires 
in south-eastern Australia. 
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4.4 Discussion 
Understanding spatial heterogeneity in vegetation structure is critical for the 
ecologically sustainable management of forests, because the structure of vegetation 
affects plants, animals and ecological processes (Fischer et al. 2006; Lindenmayer et 
al. 2006). This is increasingly the case as fires are becoming larger, more severe and 
more frequent in many fire-prone forests globally (Flannigan et al. 2009). Such 
changes to the fire regime could lead to simplification and homogenisation of 
vegetation structure in these forests, thus reducing habitat niches (Bradstock et al. 
1997; Collins et al. 2012b). Here, both fire severity and time since last fire were 
important in determining the patterns of vegetation structure in foothill eucalypt 
forests after a wildfire, but their relative influence depended on topographic position. 
Fire severity alone influenced the structure of vegetation in gullies. On slopes, 
vegetation structure was primarily influenced by fire severity, but time since last fire 
was important in crown scorched sites. While fire severity altered structural 
attributes both in gullies and on slopes, it did not homogenise vegetation structure 
across the topographic gradient: the level of structural similarity between gullies and 
slopes showed little variation in relation to fire severity categories.  
4.4.1 Does topography influence vegetation structure? 
Gullies typically support vegetation that is structurally distinct from that on 
surrounding slopes and ridges (Collins et al. 2012a). Higher primary productivity 
(Huggett and Cheeseman 2002; Huston 2003) and distinct disturbance regimes 
(Leonard et al. 2014) contribute to these differences. Consistent with our predictions, 
when we combined sites across all fire severities, the structure of vegetation differed 
between gullies and adjacent slopes. Gullies had overall greater understorey and mid-
storey structural complexity (i.e. greater cover at multiple height layers) than slopes 
(e.g. Parsons 1976; Rubino and McCarthy 2003; Collins et al. 2012a). Canopy cover, 
on the other hand, (i.e. eucalypts > 4 m) was greater on slopes than gullies. This may 
reflect a greater abundance of small trees on slopes, related to patterns of timber 
harvesting in which gullies, particularly deep gullies, were less likely to be harvested. 
Higher moisture availability in gullies supports different tree species (e.g. blue gum), 
and can contribute to faster growth rates compared with slopes, however gullies can 
also be associated with more frequent tree collapse than slopes (Franklin et al. 1987).  
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4.4.2 Do fire severity and time since last fire influence vegetation structure after a 
large wildfire, and is this dependent on topographic position?  
Large fires do not burn the landscape uniformly. Environmental variation and 
stochastic changes in weather result in areas that are burnt severely, some that are 
burnt less severely, and some patches that remain unburnt (Román-Cuesta et al. 
2009; Leonard et al. 2014). As predicted, severe wildfire in which the canopy was 
burnt or scorched had the greatest impact on the structure of vegetation in both 
gullies and slopes. This is commensurate with the effects of fire severity in other 
forest types, such as ponderosa pine forests in the western United States (Hutto 
2008), lodgepole pine forests in Yellowstone National Park (Turner et al. 1999), and 
tall wet eucalypt forests in south-eastern Australia (Hickey et al. 1999). Severely 
burnt gullies and slopes typically had a dense cover of eucalypt saplings that had 
regenerated from seed after the wildfire, but sparse canopy cover. In several 
ecosystems, vegetation structure has been observed to recover considerable 
complexity within just a few years (Ashton 1975; Ireland and Petropoulos 2015); 
here, above average rainfall in the two years after the wildfire most likely contributed 
to the rapid regeneration. Canopy cover, on the other hand, can be slower to recover 
(Cullinane-Anthony et al. 2014); even in forests, such as those studied, in which 
most trees sprout from the trunk and branches after fire (Clarke et al. 2015).  
Two years after wildfire, the effects of fire severity on vegetation structure differed 
between gullies and slopes. Several mechanisms, detailed below, are possible: 
vegetation in gullies and slopes could have been affected differently by fire, even 
though they experienced similar fire severity; the height of burn within the 
‘understorey burnt’ category could have differed systematically between slopes and 
gullies; and, gullies and slopes may have recovered differently following the fire.  
Firstly, we categorised fire severity by the effects of fire on above-ground vegetation. 
However, fire severity can be a poor indicator of soil heating and consequent damage 
to seed banks and below-ground plant organs during fire (Gagnon et al. 2015). 
Higher moisture levels in gullies may have mediated the below-ground impacts of 
fire, particularly in gullies burnt at lower severity (Hodgkinson and Oxley 1990). In 
severely burnt gullies, soil moisture is less likely to have influenced below-ground 
effects of fire, because higher fuel loads likely resulted in higher soil temperatures in 
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severely burnt gullies compared with severely burnt slopes (Pettit and Naiman 2007; 
Gagnon et al. 2015). 
Secondly, our ‘understorey burnt’ fire severity category ranged from sites in which 
only the ground layer burnt, through to sites in which trees were scorched just below 
the canopy. The fire severity within the ‘understorey burnt’ category could have 
tended to be greater on drier slopes than in gullies. Measuring the height of the burn 
on trees would likely have been a more accurate method of quantifying fire severity 
(Collins et al. 2012b).  
Thirdly, regeneration of vegetation after fire may have proceeded more rapidly in 
gullies than slopes due to the higher moisture and nutrient availability (Romme and 
Knight 1981; Segura and Snook 1992). The two year interval between the wildfire 
and our surveys may have been sufficient for vegetation structure in moist gullies 
that were burnt at low severity (only the understorey burnt) to recover many pre-fire 
structural attributes. Resprouting of ferns and shrubby plants after low severity fire 
can proceed rapidly, outcompeting the regeneration of plants growing from seed 
(Wang and Kemball 2005). In severely burnt gullies, and on slopes burnt at all 
severities, two years appears insufficient to allow full recovery of vegetation 
structural complexity to that observed in unburnt patches.  
While we expected the effects of the recent severe wildfire to dominate those of past 
disturbance, we predicted that a time since last fire ≤ 3 years would result in 
simplified structure in the understorey compared with a time since last fire of ≥ 20 
years, particularly at those sites at which the canopy remained intact (i.e. unburnt and 
understorey burnt). In contrast to our predictions, the only influence of time since last 
fire on vegetation structure was on crown scorched slopes. The interactions between 
fire severity, time since last fire and topography on vegetation structure demonstrate 
the complexity of understanding fire regimes, in which severity, interval, frequency 
and season can all influence how fire affects biota (Gill 1975). However, the overall 
limited influence of time since last fire on vegetation structure indicates that foothill 
eucalypt forests can recover from fire rapidly, even when intervals are short. This 
may be related to the presence of a high proportion of plant species with the ability to 
resprout after fire (Clarke et al. 2015).  
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4.4.3 Does fire homogenise vegetation structure across gullies and slopes? 
While we expected that a large, mixed-severity fire would create heterogeneity in 
vegetation structure across the fire-affected landscape, we predicted that, at the local 
scale of neighbouring gullies and slopes that were similarly affected by fire, 
vegetation structure would be homogenised in the short-term. There was no 
evidence, however, that vegetation in paired gullies and slopes was more similar at 
burnt sites than at unburnt sites. Homogenisation of vegetation structure across 
gullies and slopes appears to be short-lived in foothill eucalypt forests, as is the case 
in other ecosystems (Huston 2003). Recovery processes evidently proceed rapidly 
and differently in gullies and slopes, thus restoring heterogeneity in vegetation 
structure. 
4.4.4 Implications  
Structural attributes of forest vegetation provide important habitat for many animal 
species (Archibold 1995; Arthur et al. 2012). As demonstrated here, vegetation 
structure is influenced by fire severity, topography, and to a lesser extent, time since 
last fire. These landscape and fire regime attributes are, therefore, likely to influence 
the distribution and abundance of many plants and animals in fire-prone forests. 
Eucalypt canopy cover and the cover of eucalypt saplings represented the largest 
differences in vegetation structure between fire severity categories. Canopy cover 
was reduced on slopes and gullies burnt at all severities, but particularly those burnt 
severely (crown scorched or burnt). Many plant (Kelly 1985; Watson 2001) and 
animal (Sutton and Hudson 1980; Lindenmayer et al. 2013) species rely on the 
canopy layer for resources, and when large areas of vegetation burn severely, the 
distribution and abundance of these species may be reduced for many years. Unburnt 
and understorey burnt patches provide areas of refuge for some species 
(Lindenmayer et al. 2013; Robinson et al. 2014), but these areas can be rare in the 
landscape after a large wildfire (Leonard et al. 2014). 
In contrast to the canopy layer, regeneration of the understorey through both 
sprouting and seeding was rapid. This led to severely burnt areas having dense cover 
of understorey vegetation within two years after the fire. Such regenerating 
vegetation may provide important habitat for some species, either as vegetation that 
is functionally similar to unburnt forest (Sutherland and Dickman 1999), or as a 
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unique habitat (Hutto 2008). Rapid replacement of understorey vegetation may also 
explain why animal species that are early post-fire specialists are rare in these 
forests, even after large wildfires (Lindenmayer et al. 2008; Robinson et al. 2014). 
For example, in a study of birds in foothill forests two years after the ‘Black 
Saturday’ wildfire, only one open habitat specialist, the flame robin Petroica 
phoenicia, was consistently more common in severely burnt areas than in unburnt 
patches (Robinson et al. 2014). The dense regeneration of understorey vegetation 
demonstrates the potential for severe wildfire to create structural complexity, as well 
as reduce it. 
We found little effect of fire-interval on vegetation structure. Most fires that occurred 
within the 3 years prior to the ‘Black Saturday’ wildfire were prescribed fires, and 
our results suggest that additional simplification of vegetation structure does not 
occur when a prescribed fire is shortly followed by a wildfire. However, further 
investigation into the effects of fire frequency is warranted, as frequent fire has 
previously been associated with reduced structural complexity (Collins et al. 2012a). 
More frequent severe wildfire, predicted to occur in the foothill eucalypt forests of 
south-eastern Australia (Hennessy et al. 2005; Clarke et al. 2011), is likely to have 
greater influence on vegetation structure than a low-severity prescribed fire followed 
by wildfire, as recovery times following understorey burns are more rapid than 
following severe burns. 
Strategic prescribed fire can be used to create unburnt patches in the event of a 
wildfire; areas that have been recently burnt can result in the occurrence of unburnt 
or less severely burnt vegetation, as fuel loads remain low for several years (Leonard 
et al. 2014). Prescribed fire may, therefore, enhance structural heterogeneity due to 
the occurrence of unburnt or less severely burnt patches, in which vegetation 
structure differs from that in severely burnt areas. In foothill eucalypt forests, 
however, prescribed fire influences fire behaviour primarily in low to moderate fire 
weather (Bradstock et al. 2010; Leonard et al. 2014), and is not likely to be useful for 
providing unburnt patches within severely burnt areas. 
Rapid post-fire recovery of fine-scale variation in vegetation structure in foothill 
forests may facilitate the persistence of plants and animals that depend on a 
heterogeneous environment (Recher et al. 2009; Robinson et al. 2014). Given the 
natural heterogeneity in vegetation structure between gullies and slopes in both 
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unburnt and burnt situations, using prescribed burning to create fine-scale 
heterogeneity is unlikely to increase biodiversity in foothill eucalypt forests. Less 
topographically diverse landscapes may benefit more from patchy prescribed fires. A 
cautious approach should be taken; ecosystems in which frequent fire is not part of 
the historical fire regime, or in which prescribed fires result in severe effects on 
vegetation structure, will be at greater risk of long-term changes in vegetation as a 
result of changed fire regimes (Zedler et al. 1983; Haslem et al. 2011). 
4.4.5 Conclusions 
Vegetation structural attributes contribute to many forest processes (Archibold 
1995), and maintaining the structural complexity of forests is a key conservation goal 
globally (Lindenmayer et al. 2006). Two years after a large wildfire, vegetation 
structure in foothill eucalypt forests was strongly influenced by topography and fire 
severity, and to a minor extent, the interval between the wildfire and the previous 
fire. Vegetation structure differed between gullies and slopes and, at two years post-
fire, these structural differences were not diminished by the recent wildfire. Thus, 
heterogeneity in vegetation structure related to topographic position was evident 
across the fire-affected landscape. Overall, landscape heterogeneity can be amplified 
by mixed severity wildfires; however, the spatial pattern of heterogeneity is also 
important (Bradstock et al. 2005), and requires further investigation. In spite of the 
occurrence of heterogeneity in vegetation structure, large tracts of vegetation that 
burn severely could affect the persistence of fire-sensitive plant and animal species in 
fire-prone forests (Lindenmayer et al. 2013). While fire interval had a limited 
influence on vegetation structure, the much stronger influence of wildfire severity on 
vegetation structure suggests that more frequent severe wildfire associated with 
climate change (Clarke et al. 2011) could result in greater changes in vegetation 
structure.  
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Chapter 5 
The effects of topographic variation and the fire 
regime on coarse woody debris: insights from a 
large wildfire 
 
Large logs on a foothill forest slope 
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Abstract  
Coarse woody debris (CWD) is a common structural component of terrestrial 
ecosystems, and provides important habitat for biota. Fires modify the distribution of 
CWD, both spatially and temporally. Changes in fire regimes, such as those arising 
from prescribed burning and changing climatic conditions, make it critical to 
understand the response of this resource to fire. We created a conceptual model of 
the effects of fire on logs and dead trees in topographically diverse forests in which 
trees often survive severe fire. We then surveyed paired sites, in a damp gully and 
adjacent drier slope, ~ 3.5 years after a large wildfire in south-eastern Australia. Sites 
were stratified by fire severity (unburnt, understorey burnt and severely burnt), and 
time since last fire (burnt ≤ 3 years or ≥ 20 years prior to the wildfire). Both 
components of the fire regime influenced CWD availability in gullies. Severe 
wildfire and time since last fire ≤ 3 years reduced the volume of small logs (10-30 
cm diameter) in gullies, while severe wildfire increased the number of large dead 
trees in gullies. CWD on slopes was not affected by fire severity or time since last 
fire at ~ 3.5 years post-fire. Log volumes on slopes may recover more quickly after 
wildfire through rapid collapse of branches and trees. Gullies generally supported 
more logs than slopes, but longer inter-fire intervals in gullies may allow fuel loads 
to accumulate and lead to comparatively larger fire impacts. Given that fire severity 
and fire interval are predicted to change in many fire-prone ecosystems in coming 
decades, this study highlights the importance of understanding the interacting effects 
of multiple components of the fire regime with landscape structure. In particular, 
variation in fire interval and fire severity in relation to topographic position will 
influence the pattern of accumulation of coarse woody debris across the landscape, 
and therefore the structure and quality of habitats for biota.  
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5.1 Introduction 
Fire shapes the composition of ecosystems through its effects on vegetation structure 
(Bond et al. 2005; Bowman et al. 2009), which in turn affects the distribution of 
fauna (Fox 1982; Friend 1993). The immediate and longer-term effects of fire on 
faunal habitat depend on the fire regime: fire severity, fire frequency, time since fire, 
fire interval and the season of fire (Gill and McCarthy 1998; Smucker et al. 2005; 
Haslem et al. 2012). Fire regimes can vary within relatively small areas, because 
even large, intense fires create a mosaic of severities at multiple scales (Turner et al. 
1994; Román-Cuesta et al. 2009; Leonard et al. 2014). 
Coarse woody debris (CWD: here defined as logs and dead trees) is a common 
component of many terrestrial ecosystems (Harmon et al. 1986; Jonsson and Kruys 
2001; Lohr et al. 2002). It has an important role in nutrient cycling and carbon 
storage, and provides habitat for plants and animals (Harmon et al. 1986; 
Lindenmayer and Franklin 2002). The dynamics of CWD are driven by the 
interaction of long-term processes, such as senescence and decay, with shorter-term 
disturbance processes, such as timber harvesting and fire (Harmon et al. 1986; 
Haslem et al. 2011).  
Fire is integral to the dynamics of CWD, as it both consumes existing debris and 
generates new material through its influence on tree death and collapse (Harmon et 
al. 1986; Tinker and Knight 2000). Diverse responses to aspects of the fire regime 
have been observed. For example, the effects of time since fire on the abundance of 
logs ranges from a post-fire increase (Monsanto and Agee 2008), to a peak at 
intermediate fire ages (Roccaforte et al. 2012), or no detectable effect (Pedlar et al. 
2002; Eyre et al. 2010). Such diverse relationships suggest that responses to fire vary 
between, and potentially within, ecosystems. However, such variable effects of time 
since fire could also be influenced by failing to account for other aspects of the fire 
regime, both spatial and temporal. Fire severity (e.g. Smucker et al. 2005) and inter-
fire interval (e.g. Haslem et al. 2012) are known to strongly influence habitat 
structure, but are rarely accounted for in fire ecology studies, including those on 
CWD (but see Collins et al. 2012b). 
Topographic variation influences fire behaviour, as moist gullies often repeatedly 
escape fire, or burn less severely than the surrounding landscape (Pettit and Naiman 
2007; Bradstock et al. 2010; Leonard et al. 2014). When gully vegetation does burn 
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at high intensity, for example during extreme fire conditions (Leonard et al. 2014), 
the vegetation may recover more quickly due to the protected aspect and high soil 
moisture (Romme and Knight 1981; Segura and Snook 1992). Thus, topographic 
variation may interact with fire regimes to determine the dynamics of CWD. 
Research on the post-fire dynamics of CWD has been conducted largely in forests 
that experience stand-replacing fires, such as the boreal forests of North America and 
Europe (Harmon et al. 1986; Tinker and Knight 2000; Pedlar et al. 2002; Monsanto 
and Agee 2008), and tall wet eucalypt forests of south-eastern Australia 
(Lindenmayer et al. 1999). In other forests, such as the mixed Eucalyptus species 
foothill forests that cover some 7.9 million ha of south-eastern Australia, trees often 
survive severe fires through epicormic sprouting. Despite the complex role of fire in 
structuring these ecosystems (Gill 2012), and the key role that CWD plays within 
them (Lindenmayer et al. 2006), understanding of the drivers of CWD is limited, 
particularly in relation to fire regimes. 
Here, we explore the role of multiple components of the fire regime and topographic 
variation on the dynamics of CWD in a foothill forest ecosystem following the 2009 
‘Black Saturday’ wildfires in central Victoria, Australia, which burnt 228,000 ha of 
forest. We had four primary objectives: 1) to develop a conceptual model of the 
effects of wildfire on CWD over time; 2) to determine the effects of fire severity and 
time since last fire on the relative abundance of CWD (logs and dead standing trees); 
3) to examine whether the effects of the fire regime are modified by topographic 
position (i.e. damp gullies vs. drier slopes); and 4) to determine whether the size of 
logs and dead trees influences how they are affected by the fire regime.  
5.1.1 Conceptual model and predictions 
We developed a conceptual model of the post-fire dynamics of logs in forest 
ecosystems in which trees often survive severe fire (Fig. 5.1). There are four main 
sources of logs following fire. First, at least part of the existing log resource is likely 
to remain post-fire. Second, trees not killed by fire may drop branches, resulting in a 
pulse of smaller logs. Third, some trees are damaged at the stem base and are killed 
by fire, and either fall shortly after the fire or remain as standing dead trees for many 
years before collapsing. Finally, trees that regenerate in gaps created by fire will 
contribute to the log resource in the longer term.  
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Figure 5.1. Conceptual model of log volume over time following a wildfire in a forest in which trees often survive severe fire. The side panels 
show the trajectories of logs from four sources: 1) existing logs at the time of the fire (some of which are consumed by fire and those not consumed 
continue to decay); 2) input from live trees following fire (branches are lost immediately following the fire, and after time these trees continue to drop 
branches, die and collapse); 3) trees killed by fire (a number of trees die and collapse immediately following the fire, while some trees are killed but 
remain standing, and collapse as a cohort many years later); and 4) input from the next generation of trees (seedlings that grow following the fire, reach 
maturity and begin to drop branches). The main plot shows the cumulative volume of logs from these sources. The specific pattern of each log source 
will depend on the severity of the fire and topographic location (i.e. damp gullies or dry slopes). Trajectories may be affected by fire interval, with a 
likely overall decline in log volume over time if short fire intervals do not allow regenerating trees to mature.  
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The magnitude and rate of log consumption, tree death, tree collapse and tree 
regeneration will depend on several aspects of the fire regime, including fire severity 
and fire history. More severe fires will result in the consumption of more logs and 
kill more trees, but may obscure the effects of previous fire on CWD. Characteristics 
of logs, including their size, moisture content and level of decay, will affect their 
flammability; while the death and collapse of trees will be influenced by the 
composition of tree species, tree health and the (non-fire) disturbance history of the 
forest. Moisture differentials associated with topographic position will influence the 
abundance of logs and dead trees, as well as their decay rate. Gullies, with their 
moister and more sheltered microclimate, experience longer fire intervals than drier 
slopes, allowing more time for logs to accumulate. These conditions allow growth of 
larger trees and, therefore, the potential production of larger logs, but also promote 
more rapid decay. The moist conditions and higher topographic relief may also 
mitigate the effects of fire on CWD.  
We used our conceptual model as a base to predict how topography, fire severity, 
and time since last fire will interact to affect the availability of CWD ~ 3.5 years 
after wildfire. We predict that:  
1. Gullies will support a greater volume of large logs and greater 
abundance of large dead trees than slopes. 
2. Sites burnt in the 2009 wildfire will experience a reduction in the 
volume of logs, especially small logs, and an increase in the 
abundance of dead standing trees compared with sites not burnt in the 
wildfire. The magnitude of change will be greater at severely burnt 
than understorey burnt sites, and on slopes compared with gullies. 
3. Unburnt sites with a short time since last fire (≤ 3 years) will have 
fewer logs, and more dead trees, compared with unburnt sites with a 
long time since last fire (≥ 20 years). 
4. Sites in which only the understorey was burnt by wildfire will have 
fewer logs, and more dead trees, when the time since last fire was 
short (≤ 3 years) compared with long (≥ 20 years), however 
differences will be small.  
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5. Severe wildfire will obscure the effects of previous fires, and there 
will be no detectable effect of time since last fire. 
 
5.2 Methods 
5.2.1 Study area 
On ‘Black Saturday’, 7 February 2009, two wildfires in central Victoria, Australia, 
joined to form the Kilmore-Murrindindi fire complex. The study area includes 
private land, townships, and several State Forest and National Park reserves. 
Approximately half of the 228,000 ha area burnt was foothill forest, a 
topographically diverse forest system consisting of damp gullies and drier slopes. 
Our study was undertaken in these foothill forests, which range in elevation from 153 
to 937 m and have a temperate climate with mean annual rainfall of ~ 1300 mm 
(Australian Government Bureau of Meteorology). The drier slopes support eucalypt 
forests dominated by messmate Eucalyptus obliqua and broad- or narrow-leaf 
peppermint E. dives or E. radiata. The understorey is characterised by a high cover 
and diversity of grasses and herbs, with a variable shrub layer (Oates and Taranto 
2001). Damp gullies are dominated by a mixture of Eucalyptus species, including 
messmate, broad and narrow-leaf peppermint and blue gum E. globulus. Gullies have 
a dense shrub layer, and a ground layer of herbs, grasses, and moisture-dependent 
ferns (Oates and Taranto 2001). 
5.2.2 Study design and selection of study sites 
Study sites were located within or adjacent to the perimeter of the Kilmore-
Murrindindi fire complex (Fig. 5.2). They were stratified by 1) 2009 wildfire 
severity; and 2) time since last fire (prior to the 2009 wildfire). Fire severity was 
categorised as either 1) unburnt, 2) understorey burnt (canopy intact), or 3) severely 
burnt (understorey burnt and canopy fully scorched or burnt). Time since last fire 
was defined as ‘short’ when a site had been burnt ≤ 3 years before 2009, or ‘long’ 
when a site had not burnt for ≥ 20 years prior to 2009. These time since fire/inter-fire 
interval periods were selected to represent a strong contrast in time since last fire. 
Prescribed burning in foothill forests can reduce fuels for 4-5 years, with negligible 
effects after 10 years (Price and Bradstock 2012; Leonard et al. 2014). By 20 years 
after wildfire, these forests have reached vigorous maturity (Cheal 2010). We  
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Figure 5.2. Location of the study area. The 2009 ‘Black Saturday’ wildfire 
boundary is shown in black outline. Sites were stratified by the severity of the 2009 
wildfire (unburnt, understorey burnt and severely burnt) and time since last fire prior 
to wildfire (≤ 3 years or ≥ 20 years prior to 2009).  
 
 
selected 24 sites that represented replicated combinations of each level of fire 
severity and time since last fire (Appendix B). Each site included a damp gully and 
drier slope which had similar fire severities. We interrogated post-fire aerial images 
and spatial layers using a geographic information system (GIS; ArcMap v 9.0) and 
spatial data layers of previous fire boundaries, timber harvesting history, and 
vegetation type (provided by the Victorian Government). On-ground assessments 
were undertaken to verify the accuracy of spatial layers. In severely burnt areas, 
where evidence of previous burns was not visible, we relied on the maps to 
determine time since last fire. While it is likely that all sites had been selectively 
harvested within the previous 100 years, sites were selected within areas that had no 
record of timber harvesting within the last 50 years, and no evidence of previous 
clearcut harvesting.  
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5.2.3 Sampling protocol 
Surveys were undertaken ~ 3.5 years after the 2009 wildfire. At each site we 
surveyed logs and dead standing trees along two 200 m transects: one in a gully and 
one on a parallel slope, ~ 100-150 m from the gully edge. 
5.2.3.1 Logs 
The diameter of each log (≥ 10 cm diameter, ≥ 100 cm length) that intersected a 
transect was measured at the point of intersection, and its angle to the transect 
recorded. The volume of logs was estimated using a modified version of the line 
intersect method (Warren and Olsen 1964; Van Wagner 1968). This method assumes 
that the angles of logs along a transect are random, giving a probability factor of 
encountering each log as 2/π. In this study, logs were consistently more likely to lie 
across the slope or gully than parallel to it. To correct this non-random distribution, 
we calculated the probability factor of encountering a log on our transects using the 
angles of all surveyed logs. Incorporating this factor, log volume (V) (m3ha-1) was 
estimated using the equation: 
 ൌ ͳǤʹʹͻʹ͹͸ ൈ ஠σୢమସ୐  ൈ 100 
where d = diameter (m) at right angles to the length of the log and L = length (m) of 
the transect.  
5.2.3.2 Trees and stumps 
The diameter (at breast height, DBH) of each live and dead tree stem ≥ 1.5 m tall was 
measured within a 100 × 10 m belt transect in the gully and slope, respectively. The 
mean DBH of all stems was calculated for each transect. Cut tree stumps (< 1.5 m 
tall) were surveyed and the basal area (m2 0.1ha-1) was calculated to approximate the 
prior timber harvesting intensity at each site. 
5.2.4 Statistical analysis 
5.2.4.1 Response variables 
Statistical modelling proceeded in two stages. First, to test initial predictions about 
the interacting effects of topography and fire severity, we modelled the volume of 
small and large logs, and the abundance of small and large dead trees, by the 
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interaction of topography with fire severity. Second, we investigated the effects of 
fire regimes and timber harvesting on small logs, large logs, small dead trees and 
large dead trees separately for gully and slope transects. Two-stage modelling 
avoided the inclusion of the three-way interaction term between fire severity, time 
since last fire and topography. High order interaction terms are difficult to model 
successfully and difficult to interpret in an ecologically meaningful way, particularly 
when predictor variables are categorical. 
Response variables were modelled using generalised linear mixed-effects models, 
which allow the inclusion of random grouping factors (Zuur et al. 2009). The volume 
of logs was modelled assuming a Gaussian distribution of errors, with values being 
log10 transformed to improve normality (with a constant of 0.01 added to all data 
points if zero values were present). The abundance of dead trees was modelled 
assuming a Poisson distribution. 
5.2.4.2 Fire regime predictor variables and model building 
Predictor variables were chosen to represent components of the fire regime (i.e. fire 
severity and time since last fire) and to account for stem size of standing trees and 
past timber harvesting. The variables ‘fire severity’ (unburnt, understorey burnt, or 
severely burnt), ‘time since last fire’ (short or long), ‘tree DBH’ (mean DBH of live 
and dead stems; cm), and ‘cut stumps’ (basal area m2 0.1ha-1) were considered 
ecologically plausible predictors for all response variables, with the exception of 
‘tree DBH’ in models of dead trees.  
In the first stage of modelling, we used the model ‘topography × fire severity’ to 
determine whether the interaction term was important. In the second stage, the model 
set comprised three combinations of fire regime components: ‘fire severity’, ‘fire 
severity + time since last fire’, and ‘fire severity × time since last fire’. Each model 
of log volume also included ‘tree DBH’ and ‘cut stumps’, while each model of dead 
tree abundance included ‘cut stumps’. ‘Time since last fire’ was only modelled in 
combination with ‘fire severity’, as it is ecologically implausible that time since last 
fire would affect the response variables independently of fire severity following a 
large wildfire.  
We included random effects to account for potential spatial autocorrelation of model 
residuals due to sites being clustered within reserves, and gully and slope transects 
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being paired. Thus, ‘reserve’ was included in all models; and ‘site’ was included in 
models that included the predictor variable ‘topography’. Where necessary, an 
observation-level random effect was included in Poisson-family models to account 
for overdispersion in model residuals (Nakagawa and Schielzeth 2010). Model fit 
was quantified using the marginal (fixed terms only) and conditional (full model) R2 
values of the global model (Nakagawa and Schielzeth 2013).  
Scatter plots of each response variable by each continuous predictor were created to 
check linearity of response, and no evidence for non-linear relationships was found. 
There was no evidence of excessive correlation of predictor variables (Pearson pair-
wise correlation coefficients < 0.6). 
5.2.4.3 Model selection 
When modelling CWD on gullies and slopes separately, we employed an information 
theoretic approach to identify the model(s) with most support. Akaike’s information 
criterion for small sample sizes (AICc) was used to rank models. If there were 
multiple models with substantial support (i.e. multiple models with an AICc 
difference ≤ 2 of the top ranked model), we inferred from all such models. We did 
not model average, as we were interested in the importance of the interaction term, 
for which model averaging is problematic (Dochtermann and Jenkins 2011). 
Predictor variables were regarded as important if the 90% confidence interval did not 
include zero. We chose to use the 90% confidence interval due to the relatively small 
sample size (24 sites) and the possible management implications of underestimating 
the importance of fire on CWD (Smith et al. 2013).  
Statistical analysis was undertaken using the R statistical package version 2.15.2 (R 
Development Core Team 2010). We used the ‘lme4’ package for regression 
modelling (Bates and Maechler 2011), the ‘MuMIn’ package for model selection 
(Bartoń 2009), and the ‘AICcmodavg’ package for creating model predictions 
(Mazerolle 2012). 
 
5.3 Results 
Following initial modelling to determine whether topography and fire severity 
interacted to influence CWD availability (see Appendix C) for parameter coefficients 
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and model fits), we developed separate model sets for gullies and slopes to test the 
relative influence of fire regime components and timber harvesting on the volume of 
small and large logs and the abundance of small and large dead trees in gullies and 
on slopes. A single ‘best model’ was evident for all CWD components except small 
logs in gullies, for which we based our inferences on the two models with support 
(Table 5.1). 
5.3.1 Effects of topography, fire, timber harvesting and tree size on logs 
Modelling gullies and slopes together revealed an important interaction between fire 
severity and topography for small logs. There was a higher volume of small logs in 
gullies than on slopes in unburnt and understorey burnt sites, but in severely burnt 
sites there were more small logs on slopes (Fig. 5.3a). The volume of large logs was 
greater in gullies than on slopes, regardless of fire severity (Fig. 5.3b). 
When gully sites were modelled alone, the models ‘fire severity’ and ‘fire severity + 
time since last fire’ had support for the volume of small logs (Table 5.1). Model 
estimates and confidence intervals indicated that fire severity and time since last fire 
had important influences on the volume of small logs (Appendix C). The volume of 
small logs was lower in severely burnt than unburnt gullies, and time since last fire 
had an additive effect to fire severity, such that in each severity category (including 
unburnt), gullies with a short time since last fire (≤ 3 years) had lower volumes of 
small logs than those with a long time since last fire (≥ 20 years) (Fig. 5.4).  
The fire severity model was the best model explaining the volume of large logs in 
gullies and both small and large logs on slopes (Table 5.1); however, no predictor 
variables were important in explaining these response variables (Appendices D and 
E).  
5.3.2 Effects of topography, fire and timber harvesting on dead standing trees 
Modelling gullies and slopes together showed that small dead trees were more 
abundant in severely burnt sites than unburnt sites (Fig. 5.3c). They were also 
generally more abundant on slopes than in gullies, with this difference most 
pronounced in understorey burnt sites (i.e. an important topography × fire severity 
interaction; Fig. 5.3c). Large dead trees were more abundant in severely burnt sites 
than unburnt (Fig. 5.3d). 
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Table 5.1. Candidate models for the volume of small and large logs and the abundance of small and large dead trees ~ 3.5 years after a large 
wildfire. Included are degrees of freedom (df), log-likelihood values (Log(L)), AICc values, AICc differences (Δi), Akaike weights (Wi), and R2 values 
of the fixed terms (marginal) and fixed and random terms (conditional). Only models with AICc differences ≤ 2 are shown. All models included the 
variable ‘cut stumps’ to account for past timber harvesting and models of log volume also included the variable ‘tree DBH’ to account for variation in 
the size of standing trees. 
 
Topography Response Model df Log(L) AICc ∆i Wi R2 
(marginal) 
R2 
(conditional) 
Gully Small logs Severity 7 -17.56 56.1 0.00 0.62 0.22 0.46 
  Severity + time since last fire 8 -15.74 57.1 0.96 0.38 0.27 0.59 
 Large logs Severity 7 -23.16 67.3 0.00 0.90 0.16 0.16 
 Small dead trees Severity 6 -56.88 130.7 0.00 0.85 0.19 0.19 
 Large dead trees Severity 6 -36.82 90.6 0.00 0.87 0.18 0.38 
Slope Small logs Severity 7 -6.84 34.7 0.00 0.90 0.16 0.16 
 Large logs Severity 7 -22.67 66.3 0.00 0.82 0.05 0.05 
 Small dead trees Severity 6 -67.89 152.7 0.00 0.84 0.10 0.42 
 Large dead trees Severity 6 -39.66 96.3 0.00 0.85 0.14 0.14 
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Logs 
Dead trees 
 
Figure 5.3. Predicted volume (± SE) of a) small (10-30 cm diameter) and b) large 
(> 30 cm diameter) logs (log10), and predicted abundance (± SE) of c) small and 
d) large dead trees from generalised linear mixed models that included the fixed 
predictor variables topography, fire severity, and their interaction.  
 
  
a) b) 
c) d) 
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Figure 5.4. Predicted volume (± SE) of 
small (10-30 cm diameter) logs (log10) 
in gullies in unburnt, understorey 
burnt and severely burnt sites with 
long (≥ 20 years) and short (≤ 3 years) 
time since last fire. Tree diameter and 
cut stump basal area are kept constant at 
mean values. 
 
 
Figure 5.5. Predicted abundance (± SE) 
of large (> 30 cm diameter) dead trees 
in gullies in unburnt, understorey 
burnt and severely burnt sites. The 
basal area of cut stumps is kept constant 
at the mean value.  
 
 
 
When gullies were modelled alone, dead tree abundance was best explained by the 
fire severity model (Table 5.1). There was an increased abundance of large dead trees 
in severely burnt gullies compared with unburnt gullies (Fig. 5.5), but fire severity 
did not have an important influence on small dead trees (Appendix E). On slopes, 
fire severity was the preferred model explaining the abundance of small and large 
dead trees (Table 5.1), but no variables were important (Appendix E). 
 
5.4 Discussion 
Despite the important role of coarse woody debris in ecosystem function (Harmon et 
al. 1986; Tinker and Knight 2000), the effects of multiple fire regime components on 
CWD have rarely been studied concurrently. Here, we have demonstrated that the 
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availability of CWD is influenced by two components of the fire regime — fire 
severity and time since last fire — and that the response of structural components to 
fire depends both on their size and topographic location.  
5.4.1 Fire severity 
Log volume and abundance of dead trees in gullies were influenced by fire severity ~ 
3.5 years after wildfire, but there was less evidence of an effect of fire severity on 
CWD on slopes. While initial models of topography and fire severity indicated that 
the abundance of small and large dead trees on both slopes and gullies increased after 
severe wildfire, when CWD was modelled separately for slopes and gullies, only 
small logs in gullies and large dead trees in gullies were affected by fire severity. The 
apparent stronger effects of severe wildfire in gullies than slopes may have occurred 
as a result of either replacement of logs on slopes but not in gullies, and/or higher 
loss of logs in gullies compared with slopes. Moisture stress before fire has been 
associated with increased tree death after fire (van Mantgem et al. 2013), and it is 
likely that the decade-long drought prior to 2009 negatively affected the health and 
resilience of trees, particularly on dry slopes (Bennett et al. 2013). Fire-related tree 
death may therefore have been higher on slopes than in gullies, with rapid fall of 
branches and collapse of trees on slopes replacing logs consumed by fire. The dip in 
log volume following wildfire that we expected (conceptual model; Fig. 1) may, 
therefore, have occurred prior to our surveys. If this is the case, the availability of 
logs on slopes will decrease in the coming decades, as the trees that were most likely 
to collapse have already done so. Additionally, although gullies more often escape 
fire (Leonard et al. 2014), when gullies burn following long dry periods, the 
accumulation of dry fuels can result in severe fire effects (Pettit and Naiman 2007), 
sometimes more severe than surrounding slopes (Segura and Snook 1992).  
There was some indication of loss of large logs in severely burnt gullies and slopes, 
but the confidence intervals were large relative to effect sizes. Large logs and dead 
trees are rare in the landscape, and the study may not have had sufficient power to 
detect small changes in their availability. Loss of large logs and dead trees is 
important, because they have disproportionate habitat value for flora and fauna 
(Harmon et al. 1986; Lindenmayer et al. 2000).  
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5.4.2 Time since last fire 
A short time since fire or fire interval can reduce the availability of logs (Catling 
1991; Spencer and Baxter 2006) but increase the abundance of dead trees (Harmon et 
al. 1986). We predicted that this would be the case in our study, but that any effects 
would be obscured by severe wildfire. We found no effects of time since last fire on 
logs or dead trees on slopes, regardless of wildfire severity, indicating that prior fires, 
which were predominantly low severity prescribed fires, did not substantially affect 
CWD on slopes.  
In gullies, severe wildfire did not obscure the effects of time since last fire on small 
logs; a short time since last fire reduced volumes of small logs in all fire severity 
categories. While prescribed fires can consume logs (Fahnestock and Agee 1983; 
Knapp et al. 2005), the effects of prescribed fire on habitat structure in moist gullies 
are often negligible (Bêche et al. 2005). We found that dead tree abundance in gullies 
was not largely affected by time since last fire, consistent with evidence that dead 
tree collapse predominantly occurs after severe wildfire (Collins et al. 2012a). 
Drought conditions prior to fires, however, may result in log combustion and even 
low severity fires should not be considered benign. 
5.4.3 Topography and timber harvesting 
Consistent with our predictions, gullies had higher volumes of logs than slopes, with 
the exception of small logs in severely burnt sites. Large logs, which provide the 
most important ecosystem functions (Harmon et al. 1986), showed a particularly 
strong association with gullies. Logs are more abundant in gullies in various forest 
types (Webster and Jenkins 2005; Collins et al. 2012a), as moist gullies are highly 
productive. We expected to find more large dead trees in gullies than on slopes, but 
abundances did not differ. The higher volume of large logs, but not large dead trees, 
in gullies compared with slopes may be the result of a higher rate of collapse of dead 
trees in gullies during wet periods (Franklin et al. 1987), as well as past timber 
harvesting of large trees across the study area. Timber harvesting removes potential 
CWD, but can also cause an influx of logs if cut stems are left onsite. Felled rotten 
stems were historically left onsite (Grove 2001) which, in our study area, may have 
contributed to the higher volume of large logs in gullies than on slopes. Our 
estimation of the basal area of cut stumps, and therefore the role of timber harvesting 
in shaping CWD dynamics, is most likely an underestimate, as it was difficult to 
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determine whether burnt-out stumps were the result of timber harvesting or natural 
tree fall.  
5.4.4 Foothill forests and effects on fauna 
Foothill forests in south-eastern Australia are composed of trees which 
predominantly survive even severe fire, resprouting from the stem and canopy. The 
impacts of wildfire on CWD appear to be smaller in these forests compared with 
systems where whole stands of trees are killed by fire (Harmon et al. 1986). Forests 
that experience only patchy tree death are unlikely to experience extreme shifts in 
forest type, which can occur when stand replacing fire intervals are insufficient for 
trees to reach maturity (Lindenmayer 2009). The exception in our system may be 
some damp gullies, as frequent fire will encourage drying, and therefore fire, 
resulting in changes in species composition (Pettit and Naiman 2007).  
Many animal species use CWD for shelter, nesting and foraging (Harmon et al. 1986; 
Lindenmayer and Franklin 2002), and fire-mediated changes to their habitat have 
long-term impacts on persistence (Smith et al. 2013). For example, decreased 
fecundity was observed in a population of hollow-dependent mountain brushtail 
possums Trichosurus cunninghamii after loss of den trees following wildfire (Banks 
et al. 2011); while saproxylic invertebrates are threatened by fire regimes that reduce 
the abundance of dead wood (Davies et al. 2008). Large logs, which provide 
important habitat for fauna (Harmon et al. 1986), were resistant to fire in our system, 
potentially providing habitat legacies (Foster et al. 1998). Small logs, which were 
reduced by fire in gullies, provide relatively fewer ecosystem services (Harmon et al. 
1986), but do provide important habitat for some species (Nordén et al. 2004; Brin et 
al. 2011). Severe wildfire resulted in more large dead trees in gullies; this may 
increase the availability of hollows and other resources while these standing trees 
decay (Inions et al. 1989), but depletes the availability of large living trees. Thus, 
wildfire both removes and creates CWD from ecosystems. The persistence of native 
fauna species in many ecosystems is threatened by habitat loss (Millennium 
Ecosystem Assessment 2005), and the influence of wildfire, prescribed fire and 
timber harvesting should be managed to ensure that CWD is not depleted over time.  
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5.4.5. Implications and conclusions 
Our results suggest that, while coarse woody debris in foothill forests is relatively 
resilient to fire, both wildfire severity and time since last fire are important 
determinants of CWD dynamics. Damp gullies, which support the greatest 
abundance of CWD in this system and many others (e.g. Webster and Jenkins 2005; 
Collins et al. 2012a), may be particularly vulnerable to changed fire regimes 
(Bradstock et al. 2010). Frequent fires in gullies, particularly severe wildfires, will 
reduce the existing CWD resource, and will slow the accumulation of CWD that 
occurs when gullies remain unburnt for many years. Reduced CWD could, in turn, 
lead to diminishing fauna populations, particularly as animals may use gullies as both 
drought and fire refuges (Mackey et al. 2012; Robinson et al. 2013). 
Use of low-severity prescribed fire for ecological management of forests should be 
carefully planned to ensure that some areas remain unburnt for many years. Long 
unburnt ‘fire refuges’ provide distinct habitats in many ecosystems (Robinson et al. 
2013). Foothill forests reach vigorous maturity within 20 years, but large reserves of 
CWD, as well as habitat components such as tree hollows, may take many more 
years to develop (Cheal 2010). During times of drought, prescribed fire may not be 
an appropriate ecological management tool, and measures will be required to exclude 
fuel reduction fires from damp gullies.  
This study has revealed important effects of fire regime components on CWD at a 
‘snap-shot’ in time, but was not able to examine changes in CWD over time. Our 
conceptual model provides a useful framework for designing longer-term studies to 
investigate and test the complex interactions between fire regimes and landscape 
processes. 
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Chapter 6 
Synthesis 
 
Foothill forest regenerating after the Kilmore-Murrindindi “Black Saturday” 
wildfire 
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6.1 Introduction 
Understanding how large wildfires influence the distribution of animal species is an 
important step in managing fire-prone ecosystems for the conservation of fauna 
(Driscoll et al. 2010). In this thesis, I aimed to determine how the effects of 
heterogeneity in fire severity and topographic variation influence the distribution of 
mammal species and their habitat after a large wildfire. This project forms part of a 
broader project, the ‘Faunal Refuges Project’, which investigated the function and 
attributes of refuges for flora and fauna after a large wildfire (Robinson et al. 2013).  
Initially, I examined how fire severity and topography influenced the distribution of 
mammal species two years after the ‘Black Saturday’ Kilmore-Murrindindi wildfire 
complex, which burnt 228,000 ha of forest in February 2009 (Chapter 2). I then 
compared the predictive capacity of models based on these fire and landscape 
variables with models that included key habitat components for mammal species 
(Chapter 3). Finally, I investigated how fire severity, time since last fire and 
topography influenced spatial patterns of vegetation structure (Chapter 4) and coarse 
woody debris (Chapter 5), which provide important habitat for mammal species 
(Krefting and Ahlgren 1974; August 1983; Bennett 1993; Catling and Burt 1995). In 
this final chapter, I synthesise my research findings and explore the conservation and 
management implications of the study. The main objectives and findings of each data 
chapter are summarised in Table 6.1. 
6.2 The effects of a large wildfire on the distribution of mammals 
6.2.1 Fire severity and topography 
Following a large wildfire, the spatial patterns of vegetation structure and resource 
availability are influenced by fire severity, which in turn influences habitat 
availability for animal species (Turner et al. 1999). Topographic variation also 
affects vegetation structure and resource availability, as moist gullies tend to have 
greater structural complexity than drier slopes (Dwire and Kauffman 2003). 
Together, heterogeneity in fire severity and topography could result in considerable 
variation in habitat for animal species across the fire-affected landscape. Unburnt 
gullies are likely to have the greatest structural complexity, while burnt gullies can 
recover vegetation structure more rapidly than slopes (Huston 2003), and retain a 
greater abundance of biological legacies, such as logs (Collins et al. 2012b). 
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Table 6.1. Summary of the objectives and findings of each data chapter 
Chapter Objectives Findings 
Chapter 2 
Heterogeneity in fire 
severity and 
topography influence 
the distribution of 
mammals after wildfire 
1. Determine the influence of fire severity 
(unburnt, understorey burnt, severely burnt) and 
topography (gully, slope) on the distribution of 
mammal species two years after the Kilmore-
Murrindindi wildfire 
1.Small mammals were generally more common on gullies than slopes 
 
2. One small mammal species, Rattus fuscipes, preferred severely 
burnt vegetation over unburnt or understorey burnt 
 
3. The distributions of larger, ground-dwelling herbivores were not 
affected by fire severity, but one species, Wallabia bicolor, preferred 
slopes to gullies  
 
4. The arboreal Trichosurus cunninghamii was more likely to occur in 
unburnt or understorey burnt vegetation than severely burnt 
Chapter 3 
The combined effect of 
fire severity and 
topography predicts the 
distribution of 
mammals after wildfire 
just as well as 
traditional habitat 
components do 
1. Determine the influence of fire severity and 
topography on the key mammal habitat 
components 
1. The cover of eight of nine habitat components was influenced by 
both fire severity and topography, while one was influenced by 
topography alone 
2. Identify habitat associations for mammal 
species two years after the Kilmore-Murrindindi 
wildfire 
 
1. Small mammals preferred dense understorey and/or mid-story 
vegetation 
 
2. Larger, ground-dwelling herbivores preferred more open vegetation 
3. Contrast models of mammal-habitat 
associations (Chapter 3) and fire models 
(Chapter 2) to determine whether fire models 
adequately capture the indirect relationship 
between the distribution of mammals and fire 
severity 
1. Mammal-habitat association models best explained the distributions 
of four out of six species 
 
2. For all species, fire severity models that included topography 
explained species’ distributions better than models of fire severity 
alone, and were similar to habitat association models for most species 
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Table 6.1. Continued 
Chapter Objectives Findings 
Chapter 4 
Interacting effects of 
fire severity, fire 
interval and topography 
on vegetation structure 
after wildfire 
1. Determine the influence of topography, fire 
severity, and time since last fire (≤ 3 prior to 
wildfire or ≥ 20 prior to wildfire) on patterns of 
vegetation structure two years after the Kilmore-
Murrindindi wildfire 
1. Gullies had greater structural complexity of vegetation than slopes 
 
2. Vegetation that was burnt severely by the wildfire had less canopy 
cover than unburnt or understorey burnt vegetation, but had a denser 
understorey 
 
3. Understorey burnt vegetation was similar to unburnt vegetation, but 
slopes were more affected by understorey fire than gullies 
 
4. Time since last fire had little impact on vegetation structure 
2. Examine whether fire homogenised vegetation 
structure across gullies and slopes 
1. Sites that were either severely or understorey burnt did not have a 
more homogeneous vegetation structure across gullies and slopes than 
unburnt sites 
Chapter 5  
The effects of 
topographic variation 
and the fire regime on 
coarse woody debris: 
insights from a large 
wildfire 
1. Determine the influence of topography, fire 
severity, and time since last fire on logs, three 
years after the Kilmore-Murrindindi wildfire 
1. Large logs (> 30 cm diameter) were more abundant in gullies than 
slopes 
 
2. Severe wildfire and short time since last fire (burnt ≤ 3 years prior 
to 2009) reduced the volume of small logs (10-30 cm diameter) in 
gullies but not on slopes 
2. Examine the influence of topography, fire 
severity, and time since last fire on dead trees 
three years after the Kilmore-Murrindindi 
wildfire 
1. Small dead trees were more abundant on slopes than in gullies, but 
there was no difference for large dead trees 
 
2. Severe wildfire increased the number of large dead trees in gullies 
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Considered together, fire severity and topography could provide a much greater 
understanding of how animals respond to wildfires than either variable alone.  
Six mammal species were recorded at a sufficient rate for statistical analysis. Each of 
these species was found throughout the study area, and no species was restricted to a 
particular fire severity category or topographic position (Chapter 2). The broad 
distribution of these species in early post-fire succession (2-3 years post-fire) 
indicates that the ground-dwelling mammal fauna of eucalypt foothill forests can 
recover rapidly after a large wildfire. The evidence suggests that heterogeneity in fire 
severity contributes to existing landscape heterogeneity, rather than creating novel, 
or fire-specific, niches. 
Fire severity influenced the distribution of the small mammals and arboreal mammal 
species, but did not affect the larger herbivorous species (Chapter 2). The occurrence 
of the agile antechinus Antechinus agilis on slopes was not influenced by fire 
severity, but this species was less likely to occur at sites in understorey burnt gullies 
than in unburnt or severely burnt gullies. As vegetation structure was similar in 
unburnt and understorey burnt gullies (Chapter 4), aspects of forest structure that 
were not measured, or availability of food, may have driven the distribution of the 
agile antechinus. The bush rat Rattus fuscipes was more likely to be found in sites 
that were severely burnt than sites that were unburnt or less severely burnt. It is 
likely that the abundance of bush rats was greatly reduced at severely burnt sites 
immediately after the wildfire (Recher et al. 2009; Banks et al. 2010), but the 
regeneration of plants in severely burnt areas resulted in these areas having the most 
dense cover of vegetation, and hence suitable habitat (Chapters 3 and 4). The 
arboreal mountain brushtail possum Trichosurus cunninghamii was less likely to be 
found in severely burnt sites than in unburnt or understorey burnt sites, but was not 
influenced by topography. This is consistent with recent studies in which an intact 
canopy was determined to be important for several other arboreal mammal species in 
eucalypt forests after wildfire (Lindenmayer et al. 2013; Chia et al. 2015). The 
distinct responses of mammal species to wildfire in a topographically heterogeneous 
landscape, even for two small mammals which often have similar habitat 
associations (Bennett 1993; Catling and Burt 1995), demonstrates the importance of 
considering how individual species respond to fire (Lindenmayer et al. 2002; Clarke 
2008) and considering both fire and landscape heterogeneity (Smucker et al. 2005; 
Nimmo et al. 2014). 
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There was no strong evidence that gullies served as refuges for mammal species two 
years after the wildfire; no species was recorded only in gullies, or was more likely 
to be found in gullies than on slopes only after wildfire (Chapter 2). This contrasts 
with evidence that gullies in wet forests in this region were important refuges for at 
least one species, the bush rat, immediately after the fire (Banks et al. 2010). Some 
species may use refuges for a short time only after fire. While we did not find 
evidence that gullies functioned as refuges, this does not imply that they are not 
important habitat for mammals. Animal species commonly are more abundant in 
damp gullies than on adjacent drier slopes (Braithwaite 1990; Doyle 1990; Mac 
Nally et al. 2000; Woinarski et al. 2000). Here, gullies were important for the bush 
rat; in both burnt and unburnt forest, they appear to provide better quality habitat for 
this species, rather than a distinct habitat.  
6.2.2 Habitat components 
Following the initial fire front, the influence of fire severity on the distribution of 
animal species is indirect, mediated through changes in habitat quality, predation 
pressure and competitive interactions (Fox 1982). Understanding the relationship 
between animals and their habitat after a wildfire is, therefore, essential for 
understanding the indirect relationship between fire and the distribution of animal 
species (Fox 1982; Monamy and Fox 2010). In Chapter 3, I first investigated the 
influence of fire severity and topography on the availability or cover of key mammal 
habitat components. Secondly, I examined habitat associations for mammal species, 
and finally compared the predictive capacity of these habitat-association models with 
that of the fire severity models formulated in Chapter 2. I expected that the habitat 
association models, which represent a more direct influence on mammal species than 
fire (Nimmo et al. 2014; Swan et al. 2015), would best predict the distribution of 
mammals. 
I selected nine habitat components that have previously been associated with the 
distribution of mammal species of the foothill eucalypt forests. Both fire severity and 
topography influenced eight of the nine habitat components. Habitat components that 
are slow to recover after wildfire, such as litter depth, abundance of logs, and canopy 
cover were reduced by wildfire, while the cover of low shrubs, low ferns, and 
regenerating eucalypt saplings was greater in burnt sites, particularly severely burnt 
sites. Most habitat components were at greater cover or availability in gullies 
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compared with slopes, with the exception of the tree basal area and canopy cover, 
which were greater on slopes, and eucalypt sapling cover, which was similar across 
gullies and slopes. Fire severity and topography clearly can both diminish the quality 
or availability of some habitat components (e.g. Abbott 1984; Lindenmayer et al. 
2013), but increase availability of others (e.g. Hutto 2008). 
The nine habitat components significantly influenced the distribution of five of the 
six mammal species studied. Bush rats were more common in sites with greater 
cover of understorey vegetation and higher abundance of logs, reflecting previously 
identified habitat associations for this species (Bennett 1993; Catling and Burt 1995; 
Catling et al. 2000). Agile antechinus were associated with canopy cover and the 
cover of tall ferns, in contrast with previously identified associations with logs and 
complex low vegetation structure (Bennett 1993; Catling and Burt 1995). Agile 
antechinus may also have been responding to the availability of tree hollows 
(Dickman 1991), not measured as part of this study. Tree hollows are important 
habitat for many mammal species in eucalypt forests (Gibbons 2002), and, while 
difficult to measure accurately (Harper et al. 2004), understanding hollow 
availability would likely improve habitat association models. The larger herbivorous 
species were most strongly associated with more open vegetation cover, generally 
consistent with the known habitat preferences of these species (Hill 1981; Hollis et 
al. 1986; Di Stefano et al. 2009). Mountain brushtail possums preferred unburnt or 
less severely burnt sites (Chapter 2), but there was no significant association between 
their presence and measures of canopy cover or tree basal area. Any relationship may 
have been obscured by large confidence intervals. This species relies on tree hollows 
for shelter and breeding, and it is possible that fire also reduced the availability of 
these (Banks et al. 2011), or that fire influenced a variety of habitat attributes 
important for this species, but not captured by the variables used here. 
The importance of fire and topography on key mammal habitat components indicated 
that a model in which the effects of fire severity could vary between gullies and 
slopes should provide a good proxy for the indirect influence of wildfire on 
mammals. Indeed, the model that included both fire severity and topography 
explained more variance in the distribution and reporting rate of all mammal species 
than fire severity alone. As expected, the habitat-association model explained the 
greatest variation in the distribution of four species (agile antechinus, bush rat, 
common wombat and eastern grey kangaroo) and the reporting rate of three species 
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(agile antechinus, mountain brushtail possum and eastern grey kangaroo); however, 
when the effects of fire severity could vary between gullies and slopes, this model 
explained the greatest variance in the distribution of two species (mountain brushtail 
possum and swamp wallaby) and the reporting rate of three species (bush rat, 
common wombat and swamp wallaby). Habitat association models and models of 
fire severity interacting with topography had similar explanatory power for most 
species. Like other recent studies (Kelly et al. 2013; Nimmo et al. 2014), these 
findings indicate that the effects of fire on fauna should not be considered in isolation 
from environmental variation in the landscape. Fire severity models that also include 
environmental variation (such as topographic variation) appear to capture much of 
the fire-induced variation in habitat suitability and, as a result, are useful for 
assessing habitat change and mammal distribution after wildfire.  
 
6.3 The effects of a large wildfire on vegetation structure and coarse woody 
debris 
6.3.1 Vegetation structure 
Forest ecosystems naturally have complex, heterogeneous vegetation structure (Noel 
et al. 1998; Franklin et al. 2002). The structural complexity of vegetation influences 
habitat quality for many species (Lack 1933; Wales 1972; Heliövaara and Väisänen 
1984; Anderson et al. 2003; Munro et al. 2009), including many mammal species 
(Fox and McKay 1981; Bennett 1993; Williams et al. 2002). Fire consumes plant 
matter and, consequently, can reduce the structural complexity of vegetation (Catling 
et al. 2001); but fire also stimulates sprouting of plants and germination of seed, 
thereby creating vegetation structure (Gill 1975). Spatial variation in fire severity, 
time since last fire and topography can combine to create mosaics of vegetation 
structure across the landscape (Turner et al. 1999; Collins et al. 2012a). In Chapter 4, 
I aimed to quantify the influence of fire severity, time since last fire and topography 
on patterns of vegetation structure after a large wildfire and to determine whether, in 
the short term, fire homogenises vegetation structure across adjacent gullies and 
slopes that were burnt at the same severity. 
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6.3.1.1 Fire severity and time since last fire 
Severe fire can alter vegetation structure for many years, and fire severity typically is 
associated with the level of change in vegetation structure (Hickey et al. 1999; 
Turner et al. 1999; Hutto 2008). I found that, two years after wildfire, severely burnt 
forest had a significantly different vegetation structure compared with forest that 
remained unburnt by wildfire (Chapter 4). Severely burnt gullies and slopes typically 
had a dense understorey of eucalypt saplings that had regenerated from seed after the 
fire, but a sparse canopy cover. Sites which had experienced less severe fire (only the 
understorey was burnt) generally had similar vegetation structure to unburnt sites; 
however, understorey burnt slopes had some significant differences compared with 
unburnt slopes, such as sparser canopy cover (Chapter 3). 
It is likely that the vegetation recovered more rapidly in moist gullies than on drier 
slopes (Huston 2003); however, the method of categorising fire severity may also 
have contributed to the differences detected. Fire severity can be a poor measure of 
soil heating (Gagnon et al. 2015), and higher soil moisture in gullies may have 
mediated the effects of fire on seed banks and below-ground plant organs 
(Hodgkinson and Oxley 1990). Additionally, gullies that were classified as 
‘understorey burnt’ in this study may have been, on average, less severely burnt than 
understorey burnt slopes, as I classified ‘understorey burn’ as all fire that burnt the 
ground layer but did not scorch the canopy. Measuring the height of trunk scorch 
might have provided a more precise measurement of fire severity (Collins et al. 
2012a). Regardless, variation in fire severity resulted in considerable heterogeneity 
in vegetation structure across the fire-affected landscape, despite the rapid recovery 
and regeneration of burnt areas. 
Short fire intervals have been associated with simplified vegetation structure, if the 
intervals are insufficient for plants to germinate, mature and set seed (Gill 1975). 
While I expected that the effects of the recent wildfire would dominate any influence 
of past fire, I predicted that a time since last fire of ≤ 3 years would reduce the 
structural complexity of vegetation compared with time since last fire of ≥ 20 years. 
Instead, I found little evidence that time since last fire influenced the structural 
complexity of vegetation in these forests; the only influence of time since last fire 
was on crown scorched slopes. These findings for vegetation structure contrast with 
the influence of time since last fire on the abundance of birds, studied as part of the 
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larger ‘Faunal Refuges Project’ – the abundance of birds was lower in unburnt sites 
with a time since last fire of ≤ 3 years compared with ≥ 20 years, but fire interval had 
no influence on bird abundance in understorey or severely burnt areas (Robinson et 
al. 2014). These results highlight the complex interactions that fire severity and time 
since last fire can have on vegetation structure and biota, and the need to understand 
the relationships between animals, their habitats, and fire to manage fire-prone 
landscapes.  
6.3.1.2 Topography 
I predicted that moist, productive gullies would be more structurally complex than 
the surrounding slopes, as this pattern is common in topographically diverse 
landscapes (Huggett and Cheeseman 2002; Huston 2003; Collins et al. 2012a). As 
expected, gullies had greater structural complexity than slopes across the understorey 
and mid-storey strata of the eucalypt foothill forests; canopy cover, however, was 
greater on slopes than in gullies. This may reflect a greater abundance of small trees 
on slopes compared with gullies.  
6.3.1.3 Homogenisation across gullies and slopes 
Fire severity and topography combined to create heterogeneous patterns of 
vegetation structure across the wildfire-affected landscape. However, at the local 
scale of adjacent gullies and slopes (~ 100 m apart) that were burnt at the same 
severity, I predicted that vegetation structure would be homogenised by fire in the 
short term (e.g. Banks et al. 2010). Fire consumes much living plant material, and I 
expected that it would take several years for structural differences between gullies 
and slopes to return to pre-fire levels. This was not the case; the degree of 
heterogeneity in vegetation structure between adjacent gullies and slopes in burnt 
forest was similar to that between adjacent gullies and slopes in unburnt forest. This 
finding again demonstrates the important role that topography exerts on the recovery 
of vegetation after fire in foothill eucalypt forests (Collins et al. 2012a; Chapters 3 
and 4).  
6.3.2 Coarse woody debris 
Coarse woody debris (CWD), defined here as logs and standing dead trees, is an 
important component of forest ecosystems (Harmon et al. 1986). It provides habitat 
for a wide range of animal species, and contributes to nutrient cycling and carbon 
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storage (Harmon et al. 1986; Lindenmayer and Franklin 2002). Fire consumes CWD, 
but it can also cause tree death and collapse, providing a pulse of CWD after a 
wildfire (Harmon et al. 1986; Tinker and Knight 2000). The process of CWD 
consumption and creation appears to differ markedly across ecosystems (Pedlar et al. 
2002; Monsanto and Agee 2008; Roccaforte et al. 2012), and is not well studied in 
foothill eucalypt forests (but see Collins et al. 2012b). In Chapter 5, I investigated the 
roles of fire severity, time since last fire and topography on patterns of CWD 
availability in foothill eucalypt forests. 
6.3.2.1 Fire severity and time since last fire 
To predict how fire affects CWD in the fire-prone foothill eucalypt forests, I created 
a conceptual model of the abundance of logs over time following wildfire (Chapter 
5). Based on the conceptual model, I predicted that, ~ 3.5 years after the wildfire, the 
abundance of logs would be lower in burnt sites than unburnt, because logs would 
have been consumed by fire and only partially replaced by the collapse of trees killed 
by fire. Correspondingly, I predicted that the abundance of dead trees would increase 
in burnt sites, as some trees killed by fire would remain standing for many years.  
There was mixed support for the conceptual model when tested with data collected 
after the ‘Black Saturday’ wildfires. As predicted, small logs in gullies were at 
lowest abundance in severely burnt sites while large dead trees were at highest 
abundance. This suggests that, in gullies, small logs were consumed at a greater rate 
than they were replaced, but that large logs either survived the fire, or were rapidly 
replaced by falling trees. The increase in large dead trees could provide important 
habitat for many species (Gibbons 2002), but this resource will be depleted over time 
if living trees are harvested or killed by fire before growing large and old enough to 
develop habitat attributes such as hollows.  
On forest slopes, there was little difference in CWD between burnt and unburnt sites. 
It’s likely that this is because logs consumed by fire on slopes were rapidly 
replenished by fallen branches and trees. Trees may have collapsed at a higher rate 
on slopes than in gullies if they were more water-stressed after eight years of drought 
(Bennett et al. 2013). Alternatively, higher fuel availability in gullies than on slopes 
may have resulted in gullies experiencing higher fire intensity than slopes (Segura 
and Snook 1992), and therefore greater combustion of CWD. Following the fate of 
individual trees over time after a large wildfire, and developing predictive models of 
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tree death, would give valuable insights into the dynamics of eucalypts in fire-prone 
ecosystems, similar to work that has been done in other forest types (Johnson 1996; 
Van Nieuwstadt and Sheil 2005). 
On top of the effects of a recent wildfire, a short time since the previous fire can have 
cumulative effects on the availability of CWD (Harmon et al. 1986; Catling 1991; 
Spencer and Baxter 2006). Following the ‘Black Saturday’ wildfires, however, time 
since fire had a relatively minor influence on the availability of CWD (Chapter 5). A 
time since last fire of ≤ 3 years reduced the availability of small logs in gullies, but 
did not otherwise influence CWD. Frequent fire, however, can deplete the 
availability of logs and dead trees over time (Spies et al. 1988; Collins et al. 2012b). 
Frequent burning, whether in the form of prescribed fire or wildfires, may have 
negative conservation implications in these forests (Cheal 2010).  
6.3.2.2 Topography 
Moist, productive gullies tend to have larger trees than drier slopes, resulting in 
CWD of larger diameter (Soderquist and Mac Nally 2000). As predicted, gullies in 
foothill eucalypt forests had a greater abundance of large logs than on surrounding 
slopes. There was not a greater abundance of large dead trees in gullies than slopes, 
which may be related to past timber harvesting in the study area, including in gullies, 
or an overall greater risk of collapse for trees in moist environments (Franklin et al. 
1987). Large logs provide habitat for a range of plants and animals (Harmon et al. 
1986). They could provide important micro-refugia during and immediately after a 
fire (Banks et al. 2010; Garvey et al. 2010; Robinson et al. 2013), and may, therefore, 
contribute to any short-term refuge value of gullies. 
 
6.4 Management implications and recommendations 
6.4.1 Fire severity 
The ‘Black Saturday’ Kilmore-Murrindindi wildfire complex was a large, severe 
wildfire, with a high proportion of forest vegetation that burnt severely (Leonard et 
al. 2014). Yet the six mammal species studied in this thesis were widespread across 
the fire-affected landscape 2-3 years post-fire, including in areas that were unburnt, 
areas that were understorey burnt, and those that were severely burnt (Chapter 2). 
 113 
 
Rather than devastating the ground-dwelling mammal fauna of foothill eucalypt 
forests, two years after the wildfire, the heterogeneity in fire severity and topography 
combined to influence the habitat quality for these mammal species, and, therefore, 
their distribution throughout the fire-affected landscape (Chapters 2 and 3). 
Following wildfire, both burnt and unburnt vegetation can provide valuable habitat 
for animal species (Kirkpatrick et al. 2006; Hutto 2008; Robinson et al. 2014; Hutto 
et al. 2015). Two years after the ‘Black Saturday’ wildfires, severely burnt areas 
were densely vegetated (Chapter 4) and were preferred habitat for the bush rat 
(Chapters 2 and 3), while unburnt and understorey burnt areas were preferred by the 
mountain brushtail possum (Chapter 2). Given the importance of both burnt and 
unburnt areas for mammal species, management activities that disturb either recently 
burnt areas (e.g. salvage logging) or unburnt patches (e.g. timber harvesting or 
prescribed burning of unburnt patches soon after wildfire) should be avoided.  
I did not find any species that was dependent on unburnt patches within the wildfire 
area, suggesting that two years after the wildfire such patches were not ‘refuges’ for 
these mammal species. However, unburnt patches of forest may facilitate the 
persistence of animal species during and immediately after the wildfire (Banks et al. 
2010; Garvey et al. 2010; Robinson et al. 2013). Additionally, unburnt areas may be 
more important as refuges in situations in which the recovery of structural 
complexity in burnt areas is slow (Recher et al. 2009). The ‘Black Saturday’ 
wildfires were preceded by almost a decade of drought, which broke soon after the 
fire (van Dijk et al. 2013). The wet conditions following the wildfire likely 
stimulated rapid regeneration, with a high degree of structural complexity being 
generated in many severely burnt areas two years after the wildfire (Chapter 4). It 
would be useful to study the importance of unburnt forest patches for animal species 
during and immediately after wildfire in various climatic conditions, including 
continuing drought, though this presents logistical complications. Wildfires that 
occur on long-term study plots may be particularly insightful (e.g. Banks et al. 2011), 
but study designs and plans that are ready to be implemented when and where large 
wildfires occur could also provide important data soon after fire. 
The species detected in this study are all common and are not currently listed as 
threatened in Victoria or Australia. Species that were recorded infrequently or that 
were not recorded as part of this study (see Chapter 1 for a list of species expected to 
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occur within the study area) may be more vulnerable to the effects of drought, fire, or 
the combination of the two. The dusky antechinus Antechinus swainsonii, which was 
recorded at one gully site, is associated with complex understorey vegetation, and 
tends to be at lower population abundance than the agile antechinus and bush rat 
(Catling and Burt 1995). Dusky antechinus may therefore take longer to repopulate 
following drought and fire. Medium-sized mammals, such as the long-nosed 
bandicoot Perameles nasuta, which was recorded at six gully sites and five slope 
sites, have declined across their range (Seebeck et al. 1989). This is believed to be 
associated with predation from introduced cats and foxes (Seebeck et al. 1989; 
Catling and Burt 1994). The long-nosed bandicoot is generally associated with 
complex vegetation structure (Bennett 1993). This species may, therefore, experience 
a population decline after fire in the short-term, but like the bush rat, may respond 
positively to regenerating vegetation after severe wildfire. The predominantly 
arboreal, brush-tailed phascogale Phascogale tapoatafa was recorded at one slope 
site, and is listed as ‘near threatened’ by the IUCN and ‘vulnerable’ by the Victorian 
Government. This species is most commonly found in drier sclerophyll forests 
compared with the foothill eucalypt forests studied here (Soderquist and Serena 
1994), and the effects of fire on this species have not been investigated. Other 
arboreal species, such as the common brushtail possum (recorded at three gully sites 
and four slope sites) and common ringtail possum (recorded at one slope site), shelter 
and feed in tree hollows or the canopy (Gibbons 2002), and have been observed to 
decline after wildfire (Lindenmayer et al. 2013). Species that are rare in the 
landscape are likely to be generally less resilient to disturbance than common species 
(Moritz and Agudo 2013), and understanding of the effects of wildfire on these 
species requires species-specific survey methods (e.g. Smith 2013).  
6.4.2 Use of prescribed burning 
Prescribed burning is a common practice in foothill eucalypt forests in Victoria, 
primarily with the aim of reducing fuel loads to protect human life and built assets 
from future wildfire (Teague et al. 2010). In foothill eucalypt forests, prescribed 
burning tends to be of low to moderate severity, rarely burning the tree canopy 
(Department of Environment Land Water and Planning 2016a). Fires are usually 
<100 ha, and are predominantly ignited in spring and autumn (Department of 
Environment Land Water and Planning 2016b). Unlike wildfires, the severity of 
prescribed fires tends to be more uniform; however they can still be patchy, and very 
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damp areas usually do not burn (Department of Environment Land Water and 
Planning 2016a). I investigated the influence that a short (≤ 3 years) time since last 
fire had on patterns of vegetation structure (Chapter 4) and coarse woody debris 
(Chapter 5) after the ‘Black Saturday’ wildfires. Time since last fire had a limited 
influence. A time since last fire of ≤ 3 years generally did not reduce the complexity 
of vegetation structure or the availability of CWD. Given the rapid recovery of 
vegetation, however, forests would need to be burnt every 3-5 years to maintain low 
fuel levels (McCarthy and Tolhurst 2001; Price and Bradstock 2012). Such frequent 
fire is likely to change the floristic composition, vegetation structure and availability 
of resources over time (Cheal 2010; Collins et al. 2012a; b). In contemporaneous 
studies within the ‘Faunal Refuges Project’, birds were somewhat influenced by a 
short time since fire (Robinson et al. 2014), while the effect on mammals was limited 
(Evelyn K. Chia, pers. comm.). Less mobile animal taxa may be more sensitive to 
altered fire regimes (Andersen 1991; Nekola 2002), though sensitivity may be 
species-specific rather than taxon-specific (e.g. Brown et al. 2009; Santos et al. 
2012). The species-specific effects of prescribed burning need to be determined for 
many species that live in fire-prone landscapes (Bradstock et al. 2005; Clarke 2008).  
In addition to reducing the severity and extent of future wildfire, prescribed fire is 
applied to the landscape to increase heterogeneity in fire age-classes (Hunter 1993; 
Bunnell 1995). Theoretically, this provides a greater diversity of niches for plants 
and animals, thus increasing biodiversity at the landscape scale (Parr and Brockett 
1999). Heterogeneity in fire age-classes has been associated with biodiversity in 
some ecosystems (Sitters et al. 2015), but not in others (Taylor et al. 2012; 
Farnsworth et al. 2014). Careful consideration of the optimal spatial and temporal 
properties of mosaics must also be undertaken (Parr and Andersen 2006; Kelly et al. 
2015). The foothill eucalypt forests are naturally heterogeneous, and I found little 
indication that prescribed burning within the three years prior to wildfire increased 
heterogeneity in vegetation structure or woody debris (Chapters 4 and 5). The use of 
prescribed fire to increase landscape heterogeneity may be more relevant in less 
topographically diverse landscapes, but the requirements of species that favour long 
unburnt habitat need to be considered (Brown et al. 2009; Kelly et al. 2015).  
The results of this study do not support burning large areas of foothill forests to 
promote biodiversity, but the strategic use of prescribed burning in foothill forests 
could create patches of unburnt or less severely burnt vegetation in the event of a 
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wildfire. When fire weather conditions are extreme, recent prescribed burning 
generally has little effect on wildfire severity; but when conditions are less severe, 
reduced fuel loads can result in patches remaining unburnt or being less severely 
burnt by wildfire (Bradstock et al. 2010; Leonard et al. 2014). These patches could 
provide refuge during and immediately after wildfire for a variety of plant and 
animal species; and for a longer period for some species, such as some arboreal 
mammal and bird species (Lindenmayer et al. 2013; Robinson et al. 2014; Chia et al. 
2015; Chapter 2).  
6.4.3 Importance of gullies after wildfire 
Gullies and riparian zones provide high quality or distinct habitat for some animal 
species and assemblages (Mac Nally et al. 2000; Palmer and Bennett 2006), and can 
therefore be a focus for conservation management. I found that gullies had more 
structurally complex vegetation than slopes (Chapters 4) and a greater abundance of 
large logs (Chapters 5), indicating that gullies could provide important habitat for 
plant and animal species in foothill eucalypt forests. The six mammal species studied 
all occurred across gullies and slopes, with some species preferring gullies and others 
slopes (Chapter 2). Like unburnt patches, gullies could be important for the 
persistence of animal species immediately after wildfire (Banks et al. 2010) and 
during droughts (Myers and Parker 1975), when habitat quality is diminished across 
the landscape. Gullies could provide areas of refuge during these times, as they may 
retain greater vegetation structure and food availability (Mackey et al. 2012; 
Robinson et al. 2013). The refuge capacity of gullies in these circumstances warrants 
further investigation. However, slopes and ridges would remain valuable as habitat 
when animals are no longer restricted to gullies, as they cover far more land area 
than gullies in foothill forests. Overall, habitat heterogeneity, rather than gullies per 
se, appears to be important for the mammal fauna of the foothill forests. 
6.4.4 ‘Habitat accommodation model’ and predictive capacity of fire severity 
models 
The capacity to predict how animals will respond to fire is an important management 
goal for fire-prone landscapes (Driscoll et al. 2010). Animals can be killed directly 
during fires (Silveira et al. 1999), but changes to their habitat by fire can influence 
the trajectory of populations for many years after wildfire (Fox 1982). This 
observation led to the conceptual ‘habitat accommodation model’, which describes 
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the succession of animal species after fire, related to habitat suitability and 
competition dynamics (Fox 1982; Friend 1993). In this study, I investigated how the 
habitat accommodation model relates to the spatial properties of fire (i.e. fire 
severity). By separately examining the response of mammal species to habitat and 
fire, I found that the response of most species to fire was clearly mediated by post-
fire changes to habitat suitability (Chapters 2, 3 and 4). Including topographic 
position in fire severity models improved their explanatory power (Chapters 2 and 3), 
and such combined models were similar to, or better than, habitat association models 
for most species (Chapter 3). This finding is consistent with other recent studies 
suggesting that the response of animal species to fire is mediated by environmental 
variation in the landscape, such as from topography or vegetation type (Kelly et al. 
2013; Nimmo et al. 2014; Swan et al. 2015).  
The similar explanatory power of a habitat model for a species, and a combined fire 
severity and topography model, suggests that models based on remotely sensed fire 
severity and environmental heterogeneity could reasonably predict the distributions 
of mammal species after large wildfires. Maps of fire severity and topography are 
generally more readily available and cost-efficient than detailed information on 
vegetation structure and other habitat attributes following a wildfire (Bradstock et al. 
2010; Buma 2012). However, environmental factors that influence the rate and 
pattern of regeneration after wildfire, such as the post-fire weather conditions, would 
also need to be considered. Rainfall can influence the distribution of animal species, 
as well as influencing the recovery of vegetation structure after wildfire (Letnic et al. 
2005; Recher et al. 2009; Kelly et al. 2013).  
6.4.5 Climate change 
Climate change is predicted to alter fire regimes in many parts of the world (Moritz 
et al. 2014). In south-eastern Australia, fire seasons are predicted to be longer 
(Clarke et al. 2011), and extreme fire conditions are predicted to occur more 
frequently (Hennessy et al. 2005). This is likely to lead to more frequent wildfires in 
eucalypt forests (Cary and Banks 2000; Bradstock et al. 2010). The mammals studied 
in this thesis appear resilient to a large, severe wildfire. However, the rapid recovery 
of vegetation structure and other habitat attributes was strongly influenced by above-
average rainfall in the two years immediately after the wildfire (Australian 
Government Bureau of Meteorology). As the climate becomes drier, it will be more 
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likely that droughts will continue after wildfire. Frequent severe wildfire will affect 
vegetation structure, resource availability and animal populations in different ways to 
the current regime of infrequent large fires. Unburnt or topographic refuges might be 
increasingly important after future wildfires. 
 
6.5 Concluding remarks 
This thesis contributes to understanding of how mammal species and their habitats 
respond to a large, intense wildfire. Two to three years after the wildfire, fire severity 
and topography influenced patterns of vegetation structure and coarse woody debris 
abundance across the landscape, which, in turn, influenced habitat quality for 
mammal species. The time since the previous fire had only a small impact on 
vegetation structure and coarse woody debris. In contrast to our predictions, unburnt 
patches and damp gullies were not acting as refuges for the six mammal species 
studied at this time; any refuge value that these areas provide for these species may 
be very temporary, or dependent on post-fire climatic conditions. In this study, 
drought-breaking rains closely followed the wildfire and stimulated rapid 
regeneration of burnt areas. While some species preferred unburnt habitat and others 
preferred burnt, all species were found within all combinations of fire severity and 
topographic position. This suggests that conservation management for ground-
dwelling mammals should be done across the landscape. Having said that, activities 
that reduce habitat quality for mammals, such as timber harvesting, should 
particularly be avoided in gullies and unburnt patches, as these areas are relatively 
rare in the post-fire landscape, compared with slopes/ridges and burnt areas. 
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Appendices 
 
Appendix A 
Chapter 2: Parameter estimates and standard errors (adjusted to account for 
degrees of freedom for model averaged estimates) for models of occurrence of 
mammal species after the ‘Black Saturday’ wildfire in south-eastern Australia. 
‘TopoS’ = topographic position (slope), SeverityUB = severity (understorey burnt), 
SeveritySB = severity (severely burnt). Parameter coefficients for which the 90% 
confidence interval does not include zero are shown in bold. Reference or ‘dummy’ 
level of factors: topographic position (gully), severity (unburnt). 
Species Model Variable Coef SE 
Antechinus agilis Fire severity 
× 
Topography 
Intercept -0.543 0.600 
  TopoS -0.509 0.663 
  SeverityUB -1.393 0.833 
  SeveritySB 0.587 0.790 
  TopoS×SeverityUB 1.949 1.061 
  TopoS×SeveritySB -0.447 0.981 
Rattus fuscipes Fire severity 
+ 
Topography 
Intercept 0.264 0.621 
  TopoS -1.340 0.464 
  SeverityUB 0.258 0.518 
  SeveritySB 1.972 0.631 
Trichosurus cunninghamii Averaged Intercept -1.052 0.663 
  TopoS 0.348 0.601 
  SeverityUB -0.619 0.801 
  SeveritySB -1.650 0.915 
Vombatus ursinus Topography Intercept 1.505 1.205 
  TopoS -0.319 0.440 
Wallabia bicolor Topography Intercept 0.630 0.423 
  TopoS 1.515 0.511 
Macropus giganteus Averaged Intercept -1.608 0.836 
  TopoS 0.582 0.713 
  SeverityUB -1.458 0.909 
  SeveritySB -0.786 0.831 
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Appendix B 
Chapter 5: Survey design. Sites were stratified by time since last fire (prior to 2009 
wildfire) and severity of the 2009 wildfire.  
 
 TIME SINCE 
  LAST FIRE    SEVERITY 
 
 
  
Study area 
Short (≤3 
years) 
Unburnt 
n=4 
Understorey 
burnt n=4 
Severely 
burnt n=4 
Long (≥ 20 
years) 
Unburnt 
n=4 
Understorey 
burnt n=4 
Severely 
burnt n=4 
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Appendix C 
Chapter 5: Parameter coefficients, standard errors (SE) and t-values for the 
fixed effects in generalised linear mixed models of topography × fire severity, 
and R2 values of the fixed terms (marginal) and fixed and random terms 
(conditional). Coefficients (Coef) for which the 90% confidence interval does not 
include zero are shown in bold. Reference or ‘dummy’ level of factors: severity 
(unburnt), topography (gully). 
Response  Predictor variable Coef SE t R2 
(marginal) 
R2 
(conditional) 
Small logs Intercept 0.48 0.18 2.67 0.17 0.32
Severity (understorey burnt) 0.05 0.21 0.22  
Severity (severely burnt) -0.53 0.21 -2.48  
Topography (slope) -0.42 0.21 -2.01  
Topography (slope) × Severity 
(understorey burnt) 
0.10 0.29 0.36  
Topography (slope) × 
Severity (severely burnt ) 
0.76 0.29 2.57  
Large logs Intercept 0.75 0.22 3.45 0.25 0.25
Severity (understorey burnt) 0.20 0.31 0.66  
Severity (severely burnt) -0.28 0.31 -0.90  
Topography (slope) -0.62 0.31 -2.04  
Topography (slope) × Severity 
(understorey burnt) 
-0.17 0.43 -0.40  
Topography (slope) × Severity 
(severely burnt ) 
0.15 0.43 0.35  
Small dead 
trees 
Intercept 0.85 0.36 2.39 0.28 0.78
Severity (understorey burnt) -0.47 0.48 -0.98  
Severity (severely burnt) 0.76 0.42 1.83  
Topography (slope) 0.53 0.26 2.05  
Topography (slope) × 
Severity (understorey burnt) 
0.77 0.37 2.06  
Topography (slope) × Severity 
(severely burnt ) 
-0.25 0.32 -0.77  
Large dead 
trees 
Intercept -0.15 0.42 -0.37 0.10 0.40
Severity (understorey burnt) 0.33 0.57 0.59  
Severity (severely burnt) 0.97 0.49 1.97  
Topography (slope) 0.49 0.45 1.08  
Topography (slope) × Severity 
(understorey burnt) 
-0.49 0.63 -0.77  
Topography (slope) × Severity 
(severely burnt ) 
-0.80 0.56 -1.44  
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Appendix D 
Chapter 5: Parameter coefficients, standard errors (SE) and t-values for the 
fixed effects in generalised linear mixed models of the effects of fire regimes and 
timber harvesting on coarse woody debris in gullies. Models within 2 AICc 
difference of the top ranked model are shown. Coefficients (Coef) for which the 90% 
confidence interval does not include zero are shown in bold. Reference or ‘dummy’ 
level of factors: severity (unburnt), time since last fire (long). 
Response Model Predictor variable Coef SE t 
Small logs Severity (Intercept) 0.563 0.230 2.448 
 Severity (understorey 
burnt) 
-0.133 0.245 -0.541 
 Severity (severely 
burnt) 
-0.655 0.253 -2.588 
 Cut stumps -0.144 0.101 -1.432 
 Tree DBH -0.024 0.105 -0.230 
Severity + time 
since last fire 
(Intercept) 0.726 0.252 2.881 
 Severity (understorey 
burnt) 
-0.177 0.222 -0.799 
 Severity (severely 
burnt) 
-0.619 0.229 -2.705 
 Time since last fire 
(short) 
-0.345 0.170 -2.033 
 Cut stumps -0.123 0.091 -1.342 
 Tree DBH -0.013 0.095 -0.134 
Large logs Severity (Intercept) 0.670 0.231 2.904 
 Severity (understorey 
burnt) 
0.278 0.322 0.862 
 Severity (severely burnt) -0.223 0.335 -0.664 
 Cut stumps 0.160 0.138 1.164 
 Tree DBH 0.026 0.135 0.195 
Small dead trees Severity (Intercept) 0.656 0.421 1.557 
 Severity (understorey 
burnt) 
-0.196 0.570 -0.343 
 Severity (severely burnt) 0.812 0.537 1.511 
 Cut stumps -0.174 0.241 -0.722 
Large dead trees Severity (Intercept) -0.134 0.455 -0.295 
 Severity (understorey 
burnt) 
0.320 0.540 0.591 
 Severity (severely 
burnt) 
0.876 0.478 1.832 
 Cut stumps -0.151 0.221 -0.682 
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Appendix E 
Chapter 5: Parameter coefficients, standard errors (SE) and t-values for the 
fixed effects in generalised linear mixed models of the effects of fire regimes and 
timber harvesting on coarse woody debris on slopes. Models within 2 AICc 
difference of the top ranked model are shown. Coefficients (Coef) for which the 90% 
confidence interval does not include zero are shown in bold. Reference or ‘dummy’ 
level of factors: severity (unburnt), time since last fire (long). 
Response Model Predictor variable Coef SE t 
Small logs Severity (Intercept) 0.176 0.127 1.388 
 Severity (understorey burnt) 0.114 0.179 0.639 
 Severity (severely burnt) 0.012 0.191 0.065 
 Cut stumps -0.080 0.079 -1.006 
 Tree DBH 0.087 0.073 1.193 
Large logs Severity (Intercept) 0.022 0.245 0.088 
 Severity (understorey burnt) 0.180 0.346 0.521 
 Severity (severely burnt) 0.030 0.370 0.082 
 Cut stumps 0.098 0.153 0.642 
 Tree DBH -0.115 0.141 -0.820 
Small dead trees Severity (Intercept) 1.484 0.389 3.817 
 Severity (understorey burnt) 0.055 0.410 0.133 
 Severity (severely burnt) 0.223 0.432 0.516 
 Cut stumps -0.217 0.175 -1.242 
Large dead trees Severity (Intercept) 0.490 0.364 1.346 
 Severity (understorey burnt) -0.399 0.508 -0.786 
 Severity (severely burnt) -0.161 0.516 -0.311 
 Cut stumps -0.352 0.246 -1.430 
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Abstract. In fire-prone regions, wildfire influences spatial and temporal patterns of landscape
heterogeneity. The likely impacts of climate change on the frequency and intensity of wildfire highlights
the importance of understanding how fire-induced heterogeneity may affect different components of the
biota. Here, we examine the influence of wildfire, as an agent of landscape heterogeneity, on the
distribution of arboreal mammals in fire-prone forests in south-eastern Australia. First, we used a stratified
design to examine the role of topography, and the relative influence of fire severity and fire history, on the
occurrence of arboreal mammals 2–3 years after wildfire. Second, we investigated the influence of
landscape context on the occurrence of arboreal mammals at severely burnt sites. Forested gullies
supported a higher abundance of arboreal mammals than slopes. Fire severity was the strongest influence,
with abundance lower at severely burnt than unburnt sites. The occurrence of mammals at severely burned
sites was influenced by landscape context: abundance increased with increasing amount of unburnt and
understorey-only burnt forest within a 1 km radius. These results support the hypothesis that unburnt
forest and moist gullies can serve as refuges for fauna in the post-fire environment and assist recolonization
of severely burned forest. They highlight the importance of spatial heterogeneity created by wildfire and
the need to incorporate spatial aspects of fire regimes (e.g., creation and protection of refuges) for fire
management in fire-prone landscapes.
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INTRODUCTION
Fire exerts a profound influence on the
structure and function of ecosystems worldwide
(Bond and Keeley 2005, Pausas et al. 2008). Fire-
dependent ecosystems—those in which species
have evolved in the presence of fire—encompass
over 50% of the global terrestrial area and
support a large proportion of the world’s biota
(Shlisky et al. 2007). In such ecosystems, large
fires are a key influence on the creation and
maintenance of landscape heterogeneity (Turner
et al. 1994, Burton et al. 2008), with post-fire
successional changes influencing vegetation
v www.esajournals.org 1 October 2015 v Volume 6(10) v Article 190
structure and biota for decades or even centuries
(Schoennagel et al. 2008, Haslem et al. 2011).
While many studies have investigated temporal
changes in the occurrence and abundance of
species in post-fire succession (e.g., Fox 1982,
Briani et al. 2004, Kelly et al. 2011), less attention
has been given to how fire-induced spatial
heterogeneity, and the factors that determine
such heterogeneity, affect the distribution of
plant and animal species (but see e.g., Brotons
et al. 2005, Fuhlendorf et al. 2006, Lindenmayer
et al. 2013).
Landscape heterogeneity is influenced by
multiple components of the fire regime (sensu
Gill 1975), mediated by environmental variation
(e.g., topography, climate; Noss et al. 2006,
Bradstock et al. 2010, Mackey et al. 2012). Fire
intensity, for example, varies within a fire
boundary such that some patches of vegetation
remain unburnt, some are burnt at low severity
(e.g., understorey only is burnt), and others
experience high severity fire (both understory
and canopy are consumed; Burton et al. 2008,
Schoennagel et al. 2008, Roman-Cuesta et al.
2009). In forested landscapes, these patterns are
modified by topography: gullies and drainage
lines are less likely to be severely burnt than
slopes due to less flammable vegetation, protec-
tion from wind and higher moisture levels
(Bradstock et al. 2010, Leonard et al. 2014, Berry
et al. 2015a). Environmental variables that mod-
ify fire effects, such as topography or vegetation,
can also influence resource availability (e.g., soil
and water nutrients) which affects the distribu-
tion of biota (Soderquist and Mac Nally 2000,
Keppel et al. 2012). The prior fire history of a
landscape, such as the time since last fire, adds
further complexity to spatial patterns (Turner et
al. 1994, Avitabile et al. 2013).
Landscape heterogeneity from large fires in-
fluences the distribution of animal species in
several ways. First, there may be a direct effect
via mortality of species at different locations
during, or shortly after, a major fire (Whelan et
al. 2002). Second, indirect effects of fire on species
distributions arise via spatial variation in the fire
regime with consequent variation in the compo-
sition and structure of vegetation, which deter-
mine the availability of resources (shelter, refuge,
foraging substrates) for species (Smucker et al.
2005, Fontaine et al. 2009, Nimmo et al. 2014).
Knowledge of the post-fire conservation status of
species depends on understanding the relation-
ship between the fire regime and occurrence of
species across the landscape, and how this is
moderated by environmental variation.
Third, landscape heterogeneity arising from
large wildfires influences the spatial context of
individual sites and the potential for species to
persist or recolonize (Brotons et al. 2005, Watson
et al. 2012, Lindenmayer et al. 2013). In particu-
lar, unburnt, or less severely burnt, vegetation
may act as a refuge for fauna within large fires
and have a strong influence on post-fire patterns
of occurrence in the burnt landscape (Robinson et
al. 2013). If such refuges do serve as a source for
recolonization and faunal recovery, then the
occurrence of species in burnt sites is likely to
be influenced by the proximity and amount of
unburnt vegetation. In contrast, if post-fire
recovery is driven primarily by in situ survival
rather than dispersal and recolonization (Banks
et al. 2011a), then context effects are less likely.
Here, we examine the influence of wildfire, as
a driver of landscape heterogeneity, on the
distribution of arboreal mammals in fire-prone
eucalypt forests in south-eastern Australia. These
are among the most fire-prone forests in the
world (Adams and Attiwill 2011). The limited
evidence available, particularly from tall wet
forests (e.g., Lindenmayer et al. 2013), suggests
that arboreal mammals are particularly vulnera-
ble to wildfire. This study was undertaken in the
lower altitude foothill forests within the bound-
ary of the Kilmore East-Murrindindi fire com-
plex, an extensive wildfire which started on
‘‘Black Saturday,’’ February 2009, and resulted
in ;250,000 ha of forest being burnt, the loss of
1780 houses and tragically, 159 human fatalities
(Teague et al. 2010).
The study had two main components. First, we
used a stratified design to investigate the effect of
topography, wildfire severity and fire history on
the occurrence of arboreal mammals two years
after wildfire. We predicted that (1) forest gullies
would support a greater abundance of arboreal
mammals than adjacent slopes and (2) fire
severity would be the primary influence on
mammal occurrence after fire, such that severely
burnt sites would support fewer animals than
unburnt or less severely burnt sites. Second, we
investigated the influence of landscape context
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on the occurrence of arboreal mammals in
severely burnt forest, by selecting sites with
different levels of spatial isolation from unburnt
forest. We hypothesized that isolation would
have a detrimental effect on arboreal mammals
because (a) mortality from the fire event, or (b) a
reduction in habitat suitability, would limit the
rate of recolonization of isolated sites in severely
burnt forest. Hence, we predicted (3) that the
abundance of arboreal mammals in severely
burned forest would increase as the amount of
surrounding unburnt forest increased.
MATERIAL AND METHODS
Study area
The study was undertaken in temperate
eucalypt forests of central Victoria, south-east
Australia (Fig. 1). Elevation ranges from ;150 to
1000 m, and the topography is varied, including
steep gully systems and gentle slopes and hills.
The climate is temperate with mild summers
(mean daily maximum and minimum tempera-
tures of 258C and 128C, respectively) and cool
winters (98C and 48C, respectively). Mean annual
rainfall is ;1300 mm. From 1997 to 2009, prior to
the wildfire, the region experienced an extended
and severe drought (van Dijk et al. 2013).
Subsequently, above-average rainfall occurred
in both 2010 and 2011, to end the drought.
The study area is dominated by foothill forests
of Messmate Stringybark (Eucalyptus obliqua) and
Broad and Narrow-leaf Peppermint (E. dives and
E. radiata), with a canopy height of 25–30 m. In
contrast to montane ash eucalypt forest (domi-
nated by E. regnans or E. delegatensis), in foothills
forest the overwhelming majority of eucalypts
survive even high intensity fire, regenerating
from epicormic shoots (Benyon and Lane 2013).
Lower slopes commonly have a mid-understorey
of trees and shrubs such as Blackwood Wattle
(Acacia melanoxylon), Prickly Tea-tree (Leptosper-
mum continentale), and Prickly Currant-bush
(Coprosma quadrifida). The understorey often
contains Austral Bracken (Pteridium esculentum)
and a mixture of grasses and herbs. In gullies,
Blue Gum (E. globulus) occurs along with
understory species that prefer moister conditions
(e.g., Rough Tree-fern (Cyathea australis) and
Common Understorey-fern (Calochlaena dubia).
Site selection
Sites were selected in the western part of the
Kilmore East-Murrindindi fire complex, mostly
in managed forests or national parks (Fig. 1). In
the first component of the study (‘‘fire regime
study’’), we examined the relative influence of
fire severity, fire history and time since fire on
arboreal mammals. We selected 24 sites, stratified
to represent combinations of fire severity (un-
burnt, understorey burnt, severely burnt) and fire
history (not burnt for .20 yr before 2009, burnt
within 3 yr prior to 2009), with four replicates of
each of the six combinations. Sites were located
with a fire severity layer, aerial photography and
fire records from the Department of Environment
and Sustainability, in a Geographic Information
System (GIS). After selection, sites were inspect-
ed to verify fire severity and history. Each site
encompassed a 5-ha area of forest of the same fire
severity, and included a gully and slope (;100 m
apart). Sites disturbed by logging in the last 50
years (clearfell and selected logging) were ex-
cluded. Sites were at least 100 m from roads or
areas of different fire severity.
In the second component of the study (‘‘isola-
tion study’’), we investigated the effect of
isolation on the occurrence of arboreal mammals
in severely burnt forest. We chose 14 sites that
were severely burnt (i.e., both understorey and
canopy were scorched/burnt), located either close
to (,1 km) or far from (2–5 km) patches of
unburnt forest or forest with understorey-only
burn. We calculated the total amount of unburnt
forest and forest with understorey-only burnt
within a radius of 1 km. All sites from both
studies were at least 2 km apart.
Spotlight surveys
In the fire regime study, spotlight surveys were
undertaken ;2.5 years post-wildfire, with four
survey rounds completed at 28 sites from August
to November 2011. Surveys were conducted by
two people simultaneously at each site: one along
a gully transect and one along the adjacent slope
(at least 100 m apart), both within forest
vegetation. Observers moved in the same direc-
tion, remaining in communication to avoid
counting the same animal. Each transect was
200 m and was searched for 20 mins using a
handheld LED spotlight (LED Lenser M14).
For the isolation study, spotlight surveys were
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carried out ;3.5 years post-wildfire, with four
survey rounds at 14 sites from August to
November 2012. At each site, two observers
simultaneously moved away (opposite direc-
tions) from the site midpoint, walking slowly
along a forest track, searching the forest on both
sides of the track along a 400 m transect (800 m in
total) for 30 min. Observers used a handheld
spotlight (50-watt, 12-V battery pack).
In each study, observers recorded all arboreal
mammals seen or heard and the distance (with a
rangefinder). Surveys commenced at least an
hour after sunset (for animals to leave their dens)
and nights with strong wind or rain were
avoided.
Statistical analyses
Response and predictor variables.—We used
regression modeling to examine: (1) the effects
of topography (gullies and slopes) on the
abundance of arboreal mammals; (2) the effect
of fire severity, fire history and time since fire on
the number of arboreal mammals seen or heard;
and (3) the effect of isolation on the number of
arboreal mammals recorded in severely burnt
forest.
Response variables for the fire regime study
included the total number of arboreal mammals
and of the Greater Glider (Petauroides volans), and
the species richness of arboreal mammals, over
four surveys combined. For the isolation study,
four response variables were included: total
number of arboreal mammals, Greater Gliders
Fig. 1. Location of study sites within the boundary of the Kilmore East-Murrindindi wildfire. For the ‘‘fire
regime’’ study, sites were stratified by severity (unburnt, understorey-only burnt and severe) and fire history
before the wildfire (long. 20 yr, or short, 3 yr). For the ‘‘isolation study,’’ sites were in severely burnt forest and
were surrounded by different amounts of unburnt and understorey-only burnt forest in a 1 km radius.
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and Common Ringtail Possums (Pseudocheirus
peregrinus), and species richness, all over four
surveys. Other species were not modeled due to
insufficient records (i.e., less than 10 records per
species).
Predictor variables for each component of the
study are given in Table 1. We included the
number of large trees as a measure of habitat
suitability as these are more likely to contain
hollows used as den sites by arboreal mammals
(Gibbons and Lindenmayer 1997). For the fire
regime study, we counted the number of large
trees (diameter . 60 cm) on each gully and slope
transect (100 3 20 m). A linear mixed model
revealed no significant difference in the number
of large trees between fire severity classes. For
the isolation study, we counted large trees on
four transects (10 3 50 m), all within severely
burnt forest, on opposite sides of the road at even
distances.
For the isolation study, continuous predictor
variables were centered and scaled, by subtract-
ing the mean from each observation and dividing
by their standard deviations, to allow compari-
sons. Log transformation (with a constant of
0.001 added) of predictor variables was modeled
if there was evidence of improved model fit (i.e.,
AIC . 2).
Model selection.—We used generalized linear
mixed models (GLMM) to relate response vari-
ables to predictor variables, appropriate when
response variables are not normally distributed
and there is potential for temporal or spatial
auto-correlation (Zuur et al. 2009). A Poisson
distribution (for count data) and a log-link
function were specified for all response variables.
Site groups based on geographic location of
reserves (reserve) were added as a random effect
to account for spatial correlation (Table 1). If
models were overdispersed (.1.5) using Pear-
son’s residuals, an observation-level random
effect was included to account for additional
variance (Zuur et al. 2009).
We used model selection within an informa-
tion theoretic framework to compare competing
hypotheses on the relative effect of predictor
variables on mammal response variables. A
model set was chosen for each study component,
based on conceivable ecological scenarios (see
Appendix: Table A1; Burnham and Anderson
2002). Model structures were fitted to each
response variable with GLMM. Models were
ranked for model fit and complexity using
Akaike’s information criterion corrected for small
sample size (AICc), differences in AICc (DAICc),
and Akaike weights (wi ). All models with DAICc
, 2 from the top model (lowest AIC) were
considered to have substantial support (Burn-
ham and Anderson 2002). Parameter estimates
were examined for models with substantial
support. Predictor variables were considered to
have an important influence on the response
variable if the 95% confidence interval for the
parameter coefficient did not overlap with zero
(i.e., z , 1.96 or z . 1.96; Burnham and
Anderson 2002). If a predictor variable was
Table 1. Description of predictor variables used in the fire regime and isolation studies with the first level for each
categorical variable used as the reference level.
Variable Level Description
Fire regime study
Topography Gully Topographic location
Slope
Severity Unburnt Not burnt in 2009 wildfire
Understorey Ground and/or understorey burnt
Severe Canopy scorched or completely burnt
History Long Unburnt 20 yr before 2009 wildfire
Short Burnt 3 yr before 2009 wildfire
Time since fire 20 yr . 20 yr since the last fire
3 yr ,3 yr since the last fire
0 yr Burnt in the 2009 wildfires
Tree Continuous Number of large trees .60 cm diameter
Isolation study
Area unburnt Continuous Area (ha) of unburnt forest within 1 km radius
Area understorey Continuous Area (ha) of unburnt and understorey burnt forest combined within 1 km radius
Tree Continuous Number of large trees .60 cm diameter
Reserve NA Geographic location of sites based on land management (random factor in all models)
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important, then model predictions were generat-
ed with the univariate model. Additional as-
sumptions of models were checked by plotting
the residuals of the predictor variables. R2 was
quantified as a measure of model fit for marginal
(fixed factors) and conditional (fixed and random
factors) values (Nakagawa and Schielzeth 2013).
All statistical analyses were conducted in the
R statistical package version 3.1.1 (R Core Team
2014). GLMMs and predictions were run with
lme4, MuMIn and AICcmodavg packages
(Barton´ 2014, Bates et al. 2014, Mazerolle
2014). R2 values were calculated with the
rsquared.glmm function (Lefcheck and Casallas
2014).
RESULTS
Species recorded and topography
In the fire regime study, six species of arboreal
mammal (all marsupials) were recorded: the
Greater Glider was the most common (28
observations), then Mountain Brushtail Possum
(Trichosurus cunninghami ), Common Brushtail
Possum (T. vulpecula), Common Ringtail Possum,
Sugar Glider (Petaurus breviceps), and Koala
(Phascolarctos cinereus; Appendix: Table A2).
Overall, 57 observations were made at 24 sites
on 192 spotlight transects. Most animals were
observed at unburnt sites (50.9% of total) and less
in understory (38.6%) and severely burnt sites
(10.5%; equal number of sites in each fire severity
class).
The number of observations were too few to
generate a robust detection function to examine
differential detectability using distance sampling
(Buckland et al. 2001). To test for differences in
detectability in forest of different fire severity, we
used a linear model to compare the distance from
observer to (1) any arboreal mammal and (2) a
Greater Glider (species with sufficient observa-
tions), in relation to three classes of fire severity
(unburnt, understorey burnt, severely burnt).
The Greater Glider response was log-trans-
formed to meet assumptions of normality. There
was no difference in mean sighting distance
amongst fire severity classes for total arboreal
mammals (F2,44 ¼ 0.537, P ¼ 0.588) or for the
Greater Glider (F2,25 ¼ 0.472, P ¼ 0.629). There-
fore, we assumed no difference in detection
amongst severity classes.
More observations of arboreal mammals (all
species combined) occurred in gullies than on
slopes (Appendix: Table A2; GLMM, estimate ¼
0.54 6 0.27 SE, z ¼ 1.96). There was no
difference in the number of Greater Gliders
(estimate¼0.44 6 0.39, z¼1.13) or in species
richness (estimate ¼ 0.57 6 0.35, z ¼ 1.64)
between gullies and slopes.
In the isolation study, four species were
recorded: Greater Glider, Mountain Brushtail
Possum, Common Ringtail Possum and Sugar
Glider (Appendix: Table A2). In total, 44 animals
were recorded at 14 sites on 112 transects.
Fire regime study
We tested the relative influence of fire severity,
fire history, time since fire and number of large
trees for each response variable: overall, fire
severity had the greatest influence (Table 2).
There were no ‘‘best’’models for which wi. 0.90,
hence we considered models with substantial
support (DAICc , 2) and examined their param-
eter estimates.
For the total number of arboreal mammals,
three models including (1) fire severity, (2) large
trees, and (3) fire severity plus fire history had
substantial support (Table 2). Upon examination
of the parameter estimates, the abundance of
arboreal mammals was most strongly influenced
by fire severity (Table 3). In both the severity
model, and the severity plus history model,
fewer individuals were observed in severely
burnt sites than at unburnt sites (Fig. 2). There
was no difference in the number of individuals
between understorey burnt and unburnt sites,
nor with sites with a different number of large
trees (Table 3).
For the abundance of the Greater Glider, two
models had substantial support, namely (1) fire
severity plus large trees, and (2) fire severity plus
fire history plus large trees (Table 2). Fire severity
and the number of large trees were important
variables in both models (Table 3). Fewer
individuals were observed in severely burnt than
in unburnt sites, and Greater Gliders were
positively associated with sites containing more
large trees (Fig. 2).
Species richness had three plausible models
including (1) fire severity plus fire history, (2)
large trees, and (3) fire severity (Table 2). The
parameter estimates of these models showed that
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Table 2. Models with the most support (DAIC , 2) for each response variable in the fire regime and isolation
studies including AIC values presented for each alternative model and model fit represented by R2m (variance
explained by fixed predictors) and R2c (variance explained by both fixed and random predictors).
Response variable Model structure df Log likelihood AICc DAICc Akaike weight R
2m R2c
Fire regime study
All arboreal mammals Severity 5 45.29 103.9 0.00 0.39 0.33 0.33
Tree 4 47.38 104.9 0.96 0.24 0.13 0.13
Severity þ History 6 44.37 105.7 1.77 0.16 0.38 0.38
Greater Glider Severity þ Tree 5 28.14 69.6 0.00 0.59 0.62 0.86
Severity þ History þ Tree 6 27.10 71.1 1.54 0.28 0.61 0.90
Species richness Severity þ History 5 31.43 76.2 0.00 0.34 0.35 0.35
Tree 3 34.79 76.8 0.59 0.25 0.07 0.07
Severity 4 33.74 77.6 1.38 0.17 0.20 0.20
Isolation study
All arboreal mammals Area understory 4 26.76 66.2 0.00 0.68 0.65 0.75
Greater Glider Area understory þ Tree 4 15.52 43.5 0.00 0.49 0.40 0.65
Area unburnt þ Tree 4 15.79 44.0 0.55 0.38 0.27 0.64
Common Ringtail Possum Area understory þ Tree 4 15.06 42.6 0.00 0.35 0.60 0.85
Tree 3 17.26 42.9 0.36 0.29 0.16 0.76
Area understory 3 17.32 43.0 0.48 0.28 0.64 0.84
Species richness Area understory 3 16.86 42.1 0.00 0.65 0.60 0.60
 Log transformed.
Table 3. Model parameters and coefficients for models with substantial support (i.e., DAICc, 2) in the fire regime
study.
Response variable and model structure Variable Parameter Coefficient SE Z
All arboreal mammals
Severity Severity Intercept 1.00 0.34 2.98
Severity Understorey 0.17 0.46 0.37
Severity Severe 1.49* 0.58* 2.59*
Tree Tree Intercept 0.69 0.77 0.90
Tree Tree 0.15 0.09 1.74
Severity þ history Severity Intercept 1.29 0.43 2.96
Severity Understorey 0.21 0.50 0.42
Severity Severe 1.54* 0.65* 2.38*
History Short 0.57 0.44 1.31
Greater Glider
Severity þ tree Severity Intercept 2.06 1.26 1.64
Severity Understorey 0.43 0.48 0.90
Severity Severe 2.52* 1.06* 2.38*
Tree Tree 0.28* 0.11* 2.51*
Severity þ history þ tree Severity Intercept 2.31 1.14 1.63
Understorey 0.39 0.51 0.76
Severe 2.80* 1.09* 2.58*
History Short 0.75 0.52 1.44
Tree Tree 0.35* 0.13* 2.70*
Species richness
Severity þ history Severity Intercept 0.88 0.29 3.00
Severity Understorey 0.15 0.39 0.39
Severity Severe 0.85 0.49 1.74
History Short 0.79* 0.38* 2.07*
Tree Tree Intercept 0.29 0.52 0.56
Tree Tree 0.08 0.06 1.22
Severity Severity Intercept 0.56 0.27 2.09
Severity Understorey 0.15 0.39 0.39
Severity Severe 0.85 0.49 1.74
Note: Reference categories for categorical variables were unburnt (fire severity), and long . 20 years (fire history).
* Parameters are considered important if the 95% confidence limits of the coefficient do not overlap zero (i.e., Z values of .
1.96 or , 1.96).
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Fig. 2. Predicted values with 95% CI from univariate models of important variables and response variables for
the fire regime study and the isolation study including total number of arboreal mammals, number of Greater
Gliders, and number of Common Ringtail Possums.
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fire history was the only influential variable
(Table 3). Species richness was lower at sites
with a short fire history where there had been a
recent burn (,3 yr) prior to the wildfires.
Isolation study
Isolation of severely burnt sites from unburned
forest within the wildfire boundary influenced
the abundance of arboreal mammals. For total
arboreal mammals, only the top model had
substantial support (Table 2). The number of
mammals increased with the combined area of
surrounding unburnt and understorey-only
burnt forest (Table 4, Fig. 2).
The abundance of Greater Gliders was sup-
ported by two models: (1) the combined area of
surrounding unburnt and understorey burnt
forest plus large trees, and (2) the area of
surrounding unburnt forest plus large trees
(Table 2). There was a positive association
between Greater Glider abundance and area of
surrounding unburnt forest (Fig. 2), and com-
bined unburnt and understorey-only burnt forest
(Table 4). Surprisingly, there was also a negative
relationship with the number of large trees (Table
4).
For the Common Ringtail Possum, three
models had substantial support including (1)
area of combined unburnt and understorey-burnt
forest plus large trees, (2) large trees, and (3) area
of combined unburnt and understorey-burnt
forest (Table 2). The number of large trees was
the only important parameter, with a positive
relationship between the number of Common
Ringtail Possums and abundance of large trees at
a site (Table 4, Fig. 2).
Species richness of arboreal mammals had one
model with support (the top model), the com-
bined area of unburnt and understory-only burnt
forest (Table 2). Species richness increased with
the surrounding area of both unburnt and
understorey burnt forest (Table 4).
DISCUSSION
In this study, we used the opportunity arising
from a major wildfire to investigate how arboreal
mammals are affected by fire-induced landscape
heterogeneity and landscape context in a rarely
studied forest type. The study has three key
findings. First, the abundance of arboreal mam-
mals was influenced by topography, with higher
abundance in forest gullies than on adjacent
slopes (pooled across all fire severity classes).
Second, fire severity was an important factor in
the abundance of arboreal mammals at 2.5 years
Table 4. Model parameters and coefficients for models with substantial support (i.e., DAICc , 2) in the isolation
study.
Response variable and model structure Variable Coefficient SE Z
All arboreal mammals
Area understorey Intercept 0.28 0.51 0.56
Area understorey 1.35* 0.57* 2.35*
Greater Glider
Area understorey þ tree Intercept 0.83 0.84 0.99
Area understorey 0.89* 0.40* 2.21*
Tree 1.02* 0.33* 3.10*
Area unburnt þ tree Intercept 0.80 0.96 0.84
Area unburnt 0.69* 0.29* 2.36*
Tree 0.84* 0.31* 2.75*
Common Ringtail Possum
Area understorey þ tree Intercept 1.32 1.07 1.23
Area understorey 1.72 1.22 1.41
Tree 0.63 0.35 1.79
Tree Intercept 0.61 0.86 0.72
Tree 0.75* 0.38* 1.98*
Intercept 1.15 1.09 1.05
Area understorey 1.88 1.30 1.45
Species richness
Area understorey Intercept 0.22 0.38 0.57
Area understorey 0.99* 0.49* 2.01*
 Log transformed.
* Parameters are considered important if the 95% confidence limits of the coefficient do not overlap zero (i.e., Z values of .
1.96 or , 1.96).
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post-wildfire. Severely burnt forest supported
fewer animals than unburnt forest. Third, in a
separate study at 3.5 years after fire, the
abundance of arboreal mammals in severely
burnt forest was influenced by landscape context:
the number of arboreal mammals was positively
related to the amount of surrounding unburnt or
understorey-burnt forest. Together, these find-
ings highlight the importance of environmental
variation and fire-induced landscape heteroge-
neity in the aftermath of major wildfires. They
are consistent with the view that mesic forest
gullies and patches of unburnt or less-severely
burnt forest (understory only burnt) have a role
as refuges for arboreal mammals in severely
burnt landscapes, and that such refuges assist the
recovery of mammal populations after wildfire.
We recorded six species of arboreal mammal,
all of which occurred in relatively low abundance
(in both burned and unburned forest) compared
with other studies in south-eastern Australia
(e.g., Lunney 1987, Bennett et al. 1991). Two
additional species potentially occur in the region
(Yellow-bellied Glider Petaurus australis, Feather-
tailed Glider Acrobates pygmaeus) but were not
detected. The low abundance of arboreal mam-
mals is likely due, at least in part, to the study
occurring shortly after the end of a decade of
drought, the worst drought on record in south-
eastern Australia (van Dijk et al. 2013). In the
nearby wet forests of the central highlands, the
Greater Glider has declined at a yearly rate of
8.8% in the 12 years prior to 2010 in part due to
low rainfall (Lindenmayer et al. 2011a). Other
species in these forests are also vulnerable to low
rainfall, for example the Sugar Glider (Linden-
mayer et al. 2011b). Similarly, drought caused a
decrease in arboreal mammals in coastal forests
of New South Wales, Australia (Lunney 1987).
The paucity of records means that the clearest
results relate to pooled data for all arboreal
mammal species rather than for individual
species.
Topographic influence
Mesic gullies supported a greater abundance
of arboreal mammals (all species) than slopes.
Other studies have also reported a greater
abundance of arboreal mammals in gullies in
forests in southern Australia (e.g., Lindenmayer
et al. 1990, Pausas et al. 1995), including after
wildfire (Lunney 1987, Berry et al. 2015b). The
topographic location of gullies, their high mois-
ture content and fire resistant vegetation reduce
exposure to high severity fires (or even multiple
fires), allowing them to maintain structural
complexity, including trees with hollows (Collins
et al. 2012). Gullies not only are important for the
recovery of arboreal mammal populations and
other species shortly after fire, but also provide
valuable habitats in the long term (Collins et al.
2012, Diffendorfer et al. 2012, Bassett et al. 2015).
Relative influence of fire severity
Wildfire severity was the most important
component of the fire regime driving arboreal
mammal abundance in these foothill forests.
Several factors contribute to reduced abundance
in severely burned forest. First, injury or mortal-
ity during, or immediately after, a fire is likely to
be higher in severely burnt forest compared with
forest burnt at low severity. Animals often
survive in less intense fires or unburnt areas
(Garvey et al. 2010, Banks et al. 2011b). Arboreal
mammals are less able to escape than more
mobile taxa such as birds (Whelan et al. 2002).
The lower abundance in severely burned forest at
the time of this survey (2.5 years post-fire) may
reflect fire mortality, with insufficient time for
populations to recover.
Second, lower abundance in severely burnt
forest is likely associated with habitat less
suitable to sustain populations. At the time of
the study, severely burned forest was in the early
stages of recovery after incineration or death of
canopy foliage. Even though the canopy was re-
sprouting, this may not have been sufficient to
support arboreal mammal populations. Post-fire
shortage of foliage as food for folivores, such as
the Greater Glider, would severely affect local
populations (Lindenmayer et al. 2013). Loss of
canopy and vegetation structural complexity also
equates to less cover for possums and gliders
(Catling et al. 2001, van der Ree and Loyn 2002).
Other structural changes, such as reduced avail-
ability of tree hollows for nesting (Inions et al.
1989, Banks et al. 2011b) also limit populations.
Severe fire can exacerbate the collapse of large
hollow-bearing trees, and reduce the number of
den sites for arboreal mammals (Inions et al.
1989, Banks et al. 2011b, Collins et al. 2012). It is
interesting to note that the relationship of
v www.esajournals.org 10 October 2015 v Volume 6(10) v Article 190
CHIA ET AL.
arboreal mammal abundance to fire severity is
comparable to that described by Lindenmayer et
al. (2013) in montane ash eucalypt forest at a
similar time post-fire, despite the difference in
post-fire canopy structure between foothills and
ash forests (i.e., regenerating canopy versus
largely absent canopy). This suggests that re-
sources for arboreal mammals, including the
foothill forest canopy, has not recovered suffi-
ciently to allow restoration of arboreal mammal
populations at 2–3 years after wildfire.
Third, arboreal mammal populations can be
affected by predator activity; animals that sur-
vive fire may be more vulnerable to predation in
burnt forest than in unburnt stands (Russell et al.
2003, Wayne et al. 2006) due to reduced cover
and refuge. There is a need for better under-
standing of the relative roles of resource limita-
tion, competition and predation in the
persistence of individuals and populations after
fire.
Spatial isolation
In severely burnt forest, sites that were more
isolated from unburnt or understory-only burnt
forest supported a lower abundance of arboreal
mammals. There are two main options for
population recovery in burned environments:
survival in situ of some individuals, or recoloni-
zation by individuals dispersing into the burned
environment from unburned forest (Banks et al.
2011a). In many situations, both processes are
likely. Evidence for an isolation effect in this
study lends support to the hypothesis that the
status of populations in severely burned forest is
influenced, at least in part, by recolonization
from nearby unburned areas.
Little is known of the processes of faunal
dispersal and (re)colonization following fire
(Robinson et al. 2013). It is likely to depend on
distance from source populations, size of source
populations and the relative mobility of the taxa
involved (Brotons et al. 2005, Banks et al. 2011a,
Watson et al. 2012, Lindenmayer et al. 2013). This
study indicates that recovery of the arboreal
mammal assemblage remains incomplete at 3.5
years post fire, although there may be differences
between taxa. While an isolation effect was
detected for total arboreal mammals and the
Greater Glider, it was not evident for the
Common Ringtail Possum, although records
were sparse.
Implications for conservation
Fire creates spatial heterogeneity in forest
landscapes by variation in fire severity within a
single fire, and by the combined effects of
multiple fires over decades. This study in foothill
eucalypt forests, together with work in nearby
montane forests (Lindenmayer et al. 2013),
demonstrates that arboreal mammals are partic-
ularly sensitive to fire severity even in forests
with re-sprouting canopy, being less abundant in
severely burned forest within the post-fire
environment. Further, the positive influence of
surrounding unburnt forest is consistent with the
hypothesis that post-fire population recovery is
assisted by recolonization from nearby source
areas. Thus, scarce patches of unburnt forest
within and adjacent to the fire boundary (,1% of
the total areal Leonard et al. 2014) have
important conservation value as refuges, at least
in the short term.
The presence of unburnt patches in foothill
forests was determined primarily by topography,
fire intensity and time since last fire (Leonard et
al. 2014). Such refuges were more likely to occur
in less severe fire conditions, and be located in
moister gullies or areas recently burned (,3
years) prior to the wildfire. Thus, planned
burning has potential to contribute to refuge
habitat for arboreal mammals in the face of
subsequent wildfire, by strategically reducing
fuel loads to reduce the likelihood of high-
severity fire in important areas such as moist
gullies and drainage lines, and forest stands of
high quality habitat for arboreal mammals and
other forest fauna (e.g., mature forest with high
density of large old trees).
While this study has identified fire severity
and fire-induced landscape heterogeneity as
important influences on arboreal mammals in
foothills forest, the fauna of this extensive system
is also under pressure from other disturbances,
such as introduced predators and competitors,
logging, expanding human settlement, and cli-
matic extremes such as drought. Targeted stud-
ies, along with long-term monitoring, will be
important to understand the interactions be-
tween fire and these other stressors; particularly
in the context of a changing climate expected to
increase the size, frequency and intensity of
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wildfire (McKenzie et al. 2004, Wotton et al.
2010).
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Summary
1. Rapid environmental change is placing increasing pressure on the survival of many species
globally. Ecological refuges can mitigate the impacts of change by facilitating the survival or
persistence of organisms in the face of disturbance events that would otherwise lead to their
mortality, displacement or extinction. Refuges may have a critical inﬂuence on the succes-
sional trajectory and resilience of ecosystems, yet their function remains poorly understood.
2. We review and describe the role of refuges in faunal conservation in the context of ﬁre, a
globally important disturbance process.
3. Refuges have three main functions in relation to ﬁre: they enhance immediate survival
during a ﬁre event, facilitate the persistence of individuals and populations after ﬁre and assist
in the re-establishment of populations in the longer term. Refuges may be of natural or
anthropogenic origin, and in each case, their creation can arise from deterministic or stochas-
tic processes. The speciﬁc attributes of refuges that determine their value are poorly known,
but include within-patch attributes relating to vegetation composition and structure; patch-
scale attributes associated with their size and shape; and the landscape context and spatial
arrangement of the refuge in relation to ﬁre patterns and land uses.
4. Synthesis and applications. Refuges are potentially of great importance in buffering the
effects of wildﬁre on fauna. There is an urgent need for empirical data from a range of eco-
systems to better understand what constitutes a refuge for different taxa, the spatial and tem-
poral dynamics of species’ use of refuges and the attributes that most inﬂuence their value to
fauna. Complementary research is also required to evaluate threats to naturally occurring ref-
uges and the potential for management actions to protect, create and enhance refuges.
Knowledge of the spatial arrangement of refuges that enhance the persistence of ﬁre-sensitive
species will aid in making decisions concerning land and ﬁre management in conservation
reserves and large natural areas. Global change in the magnitude and extent of ﬁre regimes
means that refuges are likely to be increasingly important for the conservation of biodiversity
in ﬁre-prone environments.
Key-words: biodiversity, biological legacies, disturbance, prescribed ﬁre, residual habitat,
unburnt patch, wildﬁre
Introduction
Globally, the survival of many species is under mounting
pressure from environmental change, including the
impacts of habitat loss and modiﬁcation, invasive species,
overexploitation of resources and climate change (Linden-
mayer & Fischer 2006; Brook, Sodhi & Bradshaw 2008).
Such anthropogenic pressures can modify the temporal
and spatial dynamics of natural disturbance regimes, plac-
ing the inherent resilience of ecosystems under greater
stress (McKenzie et al. 2004; Brook, Sodhi & Bradshaw
2008). The ability of species to cope with change arising
from disturbance will depend on their ecological and
*Correspondence author. E-mail: nm3robinson@students.latrobe.
edu.au
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life-history attributes (Sousa 1984). Species with low dis-
persal capabilities are less able to directly avoid rapid
shocks and will be at increased risk of mortality unless
they possess other adaptations (e.g. behaviours or physiol-
ogies) that allow them to survive in situ (Whelan 1995).
Speciﬁc components of a landscape that endure (or
escape) change caused by a disturbance can lessen the
impacts of environmental shocks on organisms and
increase their likelihood of surviving: these components
are commonly referred to as refuges (e.g. Lindenmayer
et al. 2009; Brennan, Moir & Wittkuhn 2011). Refuges
may have a critical inﬂuence on the successional trajectory
and resilience of ecosystems to disturbance events. Conse-
quently, if the speciﬁc properties of high-quality refuges
can be successfully identiﬁed, then these areas can be
located and managed to ameliorate against major environ-
mental pressures.
Refuges are deﬁned here as habitat features within a
landscape that facilitate the survival or persistence of
organisms (or species) in the face of a disturbance event
that would otherwise result in their mortality, displace-
ment or extinction (see also Mackey et al. 2002). We
review the concept and role of refuges in faunal conserva-
tion in the context of ﬁre. Fire profoundly inﬂuences the
structure and composition of ecosystems, and the
distribution and abundance of organisms globally (Bond,
Woodward & Midgley 2005). The impact of ﬁre is inher-
ently heterogeneous (Burton et al. 2008). This reﬂects
variation in ﬁre regimes (i.e. ﬁre intensity, time since ﬁre,
interﬁre interval, season of burning: Gill 1975) and in the
spatial pattern of ﬁres (e.g. their size, shape and context
of unburnt vegetation). The occurrence of refuges is an
element of this heterogeneity. Thus, the relationship
between refuges, disturbance regimes and the environment
involves complex interactions that are both spatially and
temporally dynamic.
In the context of ﬁre, refuges typically occur at rela-
tively small spatial scales (e.g. forest patches, logs, bur-
rows) within the ﬁre boundary. They may occur as
isolated patches or as peninsulas surrounded by the burnt
matrix (Perera, Buse & Routledge 2007), but are distinct
from large tracts of unburnt vegetation adjacent to the
ﬁre boundary. Conceptually, refuges partially overlap with
the idea of ‘biological legacies’ (Franklin et al. 2000).
However, the latter concept is broader and refers to all
biological or biologically derived features that persist fol-
lowing disturbance (including organisms themselves) and
the range of functions these may fulﬁl. Whilst some bio-
logical legacies can act as refuges (e.g. hollow trees, undis-
turbed patches of vegetation), others have extremely
limited capacity to fulﬁl this role (e.g. plant propagules,
faeces). In addition, there are features that function as ref-
uges that are not biological in origin (e.g. rock outcrops).
In many ﬁre-prone environments, synergies with
anthropogenic threats, such as habitat fragmentation and
invasive species, suggest that present-day impacts of ﬁre
potentially are greater than those experienced by species
during their evolutionary history (Brook, Sodhi &
Bradshaw2008). In these circumstances, refuges may have
an even greater role in sustaining species and communi-
ties. Further, with global climate change, ﬁre-prone
regions are predicted to differentially experience changes
in the length of ﬁre seasons and the frequency and/or
intensity of wildﬁres (Flannigan et al. 2009). This may
increase the importance of refuges for the persistence of
ﬁre-sensitive fauna, whilst potentially also decreasing the
likelihood of refuges existing (McKenzie et al. 2004). The
limited understanding of the role of refuges and the fac-
tors that determine their value for the persistence of biota
in ﬁre-prone landscapes means that land managers have
little guidance for incorporating the maintenance or crea-
tion of refuges into ﬁre planning.
We outline a conceptual model of the functions of ref-
uges in relation to ﬁre, describe the origins of refuges,
review current understanding of the factors that inﬂuence
the value of refuges for fauna and identify knowledge
gaps. We acknowledge that some species are dependent
on ﬁre, being either pyrophilic or associated with early
postﬁre successional stages (e.g. Hutto 2008), but focus
here on species that are likely to do less well in a world
experiencing more frequent and severe ﬁres.
Refuges and their role in survival and postﬁre
recovery of fauna
Refuges have three primary roles in relation to ﬁre:
(i) they enable survival of organisms during and immedi-
ately after a ﬁre event; (ii) they facilitate in situ persistence
of organisms and populations within the ﬁre boundary;
and (iii) they assist the re-establishment of populations
within the burnt area as it recovers. The length of time
that a speciﬁc habitat component may fulﬁl a refuge role
for an organism will vary, and through time, organisms
and populations may use different habitat components for
different roles.
SURVIVAL DURING A FIRE
The likelihood of immediate survival of an individual dur-
ing a ﬁre will be inﬂuenced by the severity of the ﬁre, the
individual’s location in relation to potential refuges in the
landscape and the physical or behavioural mechanisms
the organism may use to avoid direct ﬂames and radiant
heat (Friend 1993; Whelan 1995).
Numerous studies have linked postﬁre population sizes
with ﬁre severity (e.g. Smucker, Hutto & Steele 2005). Indi-
vidual survival may be relatively high after low intensity or
patchy ﬁres in which vegetative components remain
unburnt or only partially burnt (Ford et al. 1999; Brennan,
Moir & Wittkuhn 2011). In contrast, severe ﬁres can result
in large declines in population sizes (Newsome, McIlroy &
Catling 1975; Banks et al. 2011; Couturier et al. 2011).
Species that live permanently within less ﬂammable
habitats (e.g. rock outcrops, rain forest gullies) may rarely
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have direct contact with ﬁre (Whelan 1995). For other
species, individuals may either seek out or fortuitously be
present within a refuge when the ﬁre passes (Grafe,
D€obler & Linsenmair 2002; Garvey et al. 2010). Individ-
ual or social behaviour can also inﬂuence access to ref-
uges and affect survival rates (Whelan et al. 2002). For
example, swamp wallabies Wallabia bicolor moved to
moist creekline vegetation during a ﬁre, and then, individ-
uals doubled back through the ﬁre front to safety in
burned areas (Garvey et al. 2010). Savanna chimpanzees
Pan troglodytes verus exhibit a complex suite of behav-
iours in avoiding ﬁre, including individuals apparently
warning other group members of approaching ﬁre and
monitoring the progress of ﬁres at close range (Pruetz &
LaDuke 2010).
PERSISTENCE OF INDIV IDUALS AND POPULATIONS
POSTFIRE
Whilst all animals must avoid the immediate passage of
ﬁre, by using either a refuge or ﬂeeing, refuges can also
facilitate the postﬁre persistence of individuals and popu-
lations within the burned landscape. The importance of
refuges for the species’ persistence depends on the degree
to which they provide resources that, otherwise, are
unavailable in the burnt matrix. Species exhibit a contin-
uum of levels of reliance on refuges for postﬁre persis-
tence (e.g. Legge et al. 2008), and at least ﬁve patterns of
refuge use can be recognized.
First, individuals may use a refuge temporarily to
survive the ﬁre front, but then live within the burned area
with no further dependence on the refuge (e.g. Garvey
et al. 2010). Second, individuals may persist within the
burned area, albeit at a reduced density, assisted by the
presence of postﬁre legacies (e.g. partly burned logs,
stumps) that provide physical refuge or shelter (Banks
et al. 2011). Third, individuals of some species may sur-
vive postﬁre by using both unburnt refuge habitat and
adjacent burned areas (Fraser et al. 2003). Such species
are likely to be favoured by ﬁne-grained ﬁre mosaics.
Fourth, persistence of a species may depend primarily on
unburned patches of vegetation to meet all their resource
requirements in the short term (up to several years)
(Watson et al. 2012a), before they gradually recolonize
the surrounding environment. Lastly, species that are
late-successional specialists may depend on unburned ref-
uges for many years. For example, the Mallee Emu-wren
Stipiturus mallee is essentially absent from burned vegeta-
tion until at least 17 years postﬁre (Brown, Clarke &
Clarke 2009). In the absence of suitable refuges, such
specialists will be at high risk of local extinction (Silveira
et al. 1999; Peres, Barlow & Haugaasen 2003).
RE-ESTABLISHMENT OF POPULATIONS
In the longer term, refuges may contribute to re-establish-
ment of populations in extensively burned landscapes in
two ways: as a source for population expansion from
within the ﬁre boundary and by facilitating the coloniza-
tion of individuals from outside the ﬁre boundary (Banks
et al. 2011; Watson et al. 2012a).
If a species survives and persists within refuges, this
offers the potential for population expansion into the sur-
rounding landscape from multiple dispersed nuclei when
conditions in the burnt environment become suitable
(Watson et al. 2012a). Little is known, however, of the
spatial dynamics of species in such situations, despite the
potential importance in recolonization processes (Banks
et al. 2011). Depending on the spatial isolation of refuges
relative to the mobility of the organism, spatial population
structure within the burned landscape may vary through
time along a gradient from a series of disjunct isolated
populations, to a metapopulation and to a patchy popula-
tion linked by frequent movements (Templeton, Brazeal &
Neuwald 2011; Driscoll, Whitehead & Lazzari 2012).
Alternatively, refuges may facilitate colonization by
individuals from outside the ﬁre boundary, by providing
resources in the short term (food, shelter) or longer term
(resident habitat). The distance from the ﬁre boundary
and the spatial arrangement of refuges within the burned
area will inﬂuence the rate and capacity for colonization
by different species (Turner et al. 1998). Refuges close to
the boundary are more likely to be occupied (Watson
et al. 2012a).
Origins of refuges
Refuges can be created by natural processes, or by human
manipulation of the environment, often with the intent of
conserving organisms and communities. In both cases, the
processes giving rise to refuges may be deterministic or
stochastic.
NATURAL REFUGES
Patches of unburnt vegetation and features such as logs and
rock outcrops that provide refuge occur naturally in burned
landscapes (Burton et al. 2008). Few studies have quantiﬁed
the proportion of vegetation remaining unburnt during wild-
ﬁres. Reported values range from as little as approximately
1–22%, of the ﬁre-affected landscape, with this value largely
depending on weather conditions during the ﬁre and
landscape characteristics (Roman-Cuesta, Gracia & Retana
2009; Madoui et al. 2010; S.W.J. Leonard, A.F. Clarke &
M.F. Bennett, in review).
Due to the inﬂuence of topographic position and envi-
ronmental features, unburnt patches often occur in a non-
random (deterministic) manner (Mackey et al. 2002;
Bradstock et al. 2005). Typically, the vegetation differs in
composition or moisture content from that in the sur-
rounding ﬁre-prone landscape, such as moist gullies
within temperate eucalypt forests (Penman et al. 2007),
rain forest patches within savanna woodlands (Bowman
2000) or deciduous forest within mixedwood boreal
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forests (Burton et al. 2008). In some instances, negative
feedback between vegetation succession and ﬂammability
reduces the probability of ﬁre over time (e.g. succession
from eucalypt forest to rain forest, Jackson 1968). Sites
that exhibit reduced ﬂammability due to topography,
microclimate or vegetation type may remain unburnt over
several ﬁre cycles in the surrounding landscape and there-
fore escape ﬁre for extended periods (Camp et al. 1997).
In extreme ﬁre weather conditions, however, even these
sites can burn (Gill & Allan 2008). In addition, determin-
istic refuges may be compromised or lost if they are sub-
ject to anthropogenic disturbances such as logging or land
clearing (Lindenmayer et al. 2011).
Natural refuges also arise due to stochastic processes
(Mackey et al. 2002). The interaction of weather and ﬁre
is complex and can be unpredictable, particularly at the
local scale. Sudden variation in wind speed or direction
results in localized changes in ﬁre intensity or direction of
travel, which in turn has the potential to result in patches
remaining unburnt. Such unburnt patches can be consid-
ered ‘transient’ refuges, as they ‘escape’ one ﬁre event, but
not necessarily the next (Bradstock et al. 2005).
Animals may modify fuel characteristics within a site,
such that the likelihood of burning is reduced. Intense her-
bivory may reduce fuel loads to the extent that ﬁre
is excluded (Leonard, Kirkpatrick & Marsden-Smedley
2010). Burrowing animals can create bare or sparsely
vegetated areas around warrens that inhibit ﬁre spread
(Kotliar et al. 1999). Other soil-disturbing activities such as
wallowing (Knapp et al. 1999) may have similar effects.
Animals may also reduce fuel loads and hence ﬂammability
through removing leaf litter (Mikami et al. 2010). The
duration of ﬁre suppression from these actions varies from
weeks to months (e.g. migratory herbivores, McNaughton
1992) to decades (e.g. Cynomys spp. colonies, Kotliar et al.
1999).
REFUGES OF ANTHROPOGENIC ORIGIN
Land management practices can reduce fuel loads so that
areas adjacent to a treated area function as refuges or to
create potential refuges within a large treated area.
Prescribed burning may be used in a deterministic fash-
ion (i.e. in a particular place and time) to maintain desig-
nated refuges by manipulating the location, size and
frequency of burns such that they prevent future wildﬁre
from spreading into adjacent designated areas (Burrows
2008). Other means of reducing fuel loads, such as
mechanical removal of fuel (Waldrop, Phillips & Simon
2010) or manipulation of grazing or browsing animals
(Valderrabano & Torrano 2000), may also be used to pro-
tect areas from ﬁre. However, fuel reduction by such
means needs to be carefully considered as there are
examples of both mechanical fuel removal (e.g. salvage
logging, Donato et al. 2006) and herbivory (Leonard,
Kirkpatrick & Marsden-Smedley 2010) that increased
vegetation ﬂammability.
Prescribed burning can also be used to create potential
refuges within a large treated area. Conservation managers
often adopt some form of patch mosaic burning with the
aim of introducing or maintaining landscape heterogeneity
by creating patches that vary in ﬁre history and severity of
the most recent ﬁre, including patches that remain unburnt
(Parr & Andersen 2006). The exact location and size of
unburnt patches is usually not predetermined, but the gen-
eral pattern of the mosaic (e.g. overall burn cover, patch
grain) may be managed by selecting the timing and pattern
of ignition (Yibarbuk et al. 2001). For example, to main-
tain populations of relatively sedentary, refuge-dependent
fauna in northern Australian savanna, a ﬁne-grained ﬁre
mosaic is required in which ﬁre patch size is less than the
home range of the species concerned (in some cases <1 ha;
Fraser et al. 2003; Yates, Edwards & Russell-Smith 2008).
The resultant mosaic may limit the spread and intensity of
subsequent wildﬁre, such that a higher proportion of the
landscape remains unburnt and natural refuge patches are
protected from ﬁre incursion.
Alternatively, patches recently burnt by prescribed ﬁre
may escape burning during a subsequent wildﬁre and thus
act as a refuge. However, their ability to function as a
long-term refuge may be limited by their simpliﬁed (fuel
reduced) structure (Catling 1991). The fate of prescribed
burns during subsequent wildﬁre depends on numerous
factors, including severity of the prescribed burn, time
since burn, rates of fuel re-accumulation, weather (both
between and during ﬁres) and intensity of the wildﬁre
(Cary et al. 2009).
The likelihood of areas burning, or not burning, can
also be an unintentional effect of human activities. Vege-
tation fragmentation, for instance, can inhibit ﬁre spread
and result in unburnt patches (Duncan & Schmalzer
2004). Other anthropogenic changes, such as invasion of
exotic plant species, can reduce or increase vegetation
ﬂammability (Brooks et al. 2004). A widely observed
example of the latter effect is a positive feedback between
exotic grass invasion and ﬁre intensity (the ‘grass–ﬁre
cycle’; D’Antonio & Vitousek 1992), which may result in
an increased extent and decreased patchiness of ﬁres
(Miller et al. 2010).
What attributes of refuges contribute to their
value?
The attributes of faunal refuges can be considered in rela-
tion to temporal requirements of fauna associated with a
ﬁre event (see Fig. 1).
SHORT-TERM SURVIVAL
The immediate survival of organisms during ﬁre will be
greatest in patches or components that provide shelter
and physical protection from ﬂames and radiant heat
(Fig. 1). Several types of refuges enhance the immediate
survival of organisms. These include habitat components
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that are not ﬂammable (e.g. burrows, termite mounds,
Yarnell et al. 2008), components that are less ﬂammable
(e.g. topographic locations such as gullies, or speciﬁc veg-
etation types, Penman et al. 2007), through to vegetation
components or habitat features that are intrinsically ﬂam-
mable, but due to ﬁre behaviour do not burn or burn at
lower intensity (e.g. hollows in large trees, Xanthorrhoea
preissii, Brennan, Moir & Wittkuhn 2011). Each of these
functions at a range of scales: for example, intrinsically
ﬂammable refuge habitats range from microhabitats asso-
ciated with logs (Andrew, Rodgerson & York 2000) and
unburned litter (Kiss & Magnin 2006) to larger patches of
unburned vegetation (Swengel & Swengel 2007; Watson
et al. 2012a). Biotic interactions also inﬂuence immediate
survival, including competition for refuges just prior to
and during the ﬁre event, and predation during or shortly
after the event (Whelan et al. 2002).
LONGER TERM PERSISTENCE AND RECOLONIZATION
In the longer term, refuge attributes that allow species to
persist or recolonize are complex and species speciﬁc.
There are few empirical studies on the relative value of
different attributes of refuges. However, the body of
literature on the occurrence of species in habitat patches
in fragmented landscapes (Mazerolle & Villard 1999;
Lindenmayer & Fischer 2006; Thornton, Branch & Sun-
quist 2011) suggests that three kinds of attributes will
inﬂuence the longer term value of refuges: within-patch
structural and biotic attributes, size and shape of the
patch and landscape context of the patch (Fig. 1). The
temporal context of the ﬁre, with respect to other distur-
bances, biotic interactions and climatic events (e.g.
drought or rain), may further inﬂuence refuge quality.
Patch quality
For an individual to persist in a refuge, suitable resources
need to be available (Fig. 1). Within-patch attributes that
inﬂuence longer term survival include vegetation composi-
tion and habitat structural features (e.g. Pereoglou et al.
2011). Attributes of patches are likely to be most impor-
tant in the short- to medium-term postﬁre, when the con-
trast between patches and the surrounding environment
may be stark. However, as the burned environment recov-
ers, resources become available more widely (Lindenmayer
et al. 2009) and the distinctiveness of within-patch attri-
butes declines (Fig 1). Patch characteristics partly depend
on the mechanism through which a refuge is created.
Environmental conditions that contribute to the creation
of natural deterministic refuges typically lead to different
habitat qualities than those found within refuges created
by chance. Natural deterministic refuges such as riparian
zones and gallery forests (Palmer & Bennett 2006) or rock
outcrops (Clarke 2002) have intrinsically different vegeta-
tion and harbour different assemblages than those in the
broader, more ﬂammable landscape. Deterministic refuges,
including those of both natural and anthropogenic origin,
are likely to have older, more mature vegetation than
those arising stochastically, due to the lower probability of
burning in the former (DeLong & Kessler 2000; Gandhi
et al. 2001).
Stochastic refuges, on the other hand, may reﬂect the
broader vegetation composition and structure of the land-
scape prior to disturbance. The ﬁre history, or ﬁre regime,
inﬂuences these habitat attributes. Long ﬁre intervals result
in older vegetation of greater structural complexity within
patches created stochastically. Patches burnt recently, or at
high frequency, are likely to have a simpliﬁed vegetation
structure and provide less suitable refuge for species
requiring resources associated with long-undisturbed
vegetation (Catling 1991). However, they may provide
other services to the fauna, such as protection during ﬁre,
foraging areas and habitat for early-seral species (Brotons,
Pons & Herrando 2005).
Patch size and shape
The size of a refuge patch inﬂuences its detectability and
availability to different organisms and the number of indi-
viduals it can support, whilst patch shape determines the
availability of core habitat uncompromised by edge effects
(Forman 1995). In general, the probability of species
occurring within a patch increases with increasing patch
area and decreasing isolation (Lindenmayer & Fischer
2006). However, the relationship between patch metrics
and occurrence of species in large ﬁre mosaics is more
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Fig. 1. A conceptual diagram of refuge function through time in
relation to ﬁre. Bar width indicates the relative importance of
each attribute to function. At the onset of ﬁre, refuges provide
immediate shelter. Following ﬁre, they may enhance the persis-
tence of individuals and populations, and later the re-establish-
ment of populations in the burnt landscape.
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complex than, for example, forest fragments in agricul-
tural landscapes. First, the postﬁre environment is a com-
plex array of different ﬁre severities, compounded by
environmental gradients (e.g. topography, vegetation) and
spatial variation in the number and type of biological leg-
acies after ﬁre (Burton et al. 2008). Consequently, patch
boundaries are often indistinct and represent gradients in
quality rather than marked contrasts. Second, what con-
stitutes a refuge patch differs amongst species. In some
instances, such as unburnt vegetation surrounded by
severely burnt vegetation, patches are visibly distinct. In
other situations, such as the persistence of small mammals
(Banks et al. 2011) or ants (Andrew, Rodgerson & York
2000) amongst logs and rocks in burnt vegetation, the dif-
ference between refuge and matrix may be subtle. Third,
the postﬁre mosaic is temporally dynamic, changing in
quality and contrast as vegetation recovery proceeds (e.g.
Ashton 1981). To the degree that patches become less dis-
tinct from their surroundings over time, it is likely that
the importance of patch size and shape will also diminish
(Fig. 1).
Landscape context
The spatial arrangement of refuge patches and their con-
text in the broader ﬁre mosaic is important for re-estab-
lishing and maintaining populations over time (Watson
et al. 2012a) (Fig. 1). For species that depend on refuge
patches, the ability of individuals to either disperse
through the burned landscape or use refuge patches as
‘stepping stones’ is an important determinant of (re)colo-
nization of unoccupied habitat (Brotons, Pons & Herran-
do 2005; Pereoglou et al. 2013). A greater potential for
individuals to (re)establish local populations in unoccu-
pied habitat increases the chances of species surviving in
patchy habitats (Templeton, Brazeal & Neuwald 2011).
The dispersal ability of a species is determined by the
mobility of individuals and the extent to which they per-
ceive the burned landscape as hostile or benign.
The optimal spatial arrangement of refuge patches within
the postﬁre environment will vary amongst species
(Bradstock et al. 2005; Clarke 2008), and the value of differ-
ent conﬁgurations may also differ between ecosystems. For
example, in ﬁre-prone savanna woodlands of northern Aus-
tralia, a ﬁne-grained mosaic of burned and unburned vege-
tation is considered desirable for many species, such as the
partridge pigeon Geophaps smithii (Fraser et al. 2003). A
trend towards coarse-grained ﬁre mosaics in this system has
been linked to declines of small mammal species (Andersen,
Woinarski & Parr 2012). In contrast, in other ecosystems,
a ﬁne-scale patch arrangement may be detrimental to
taxa if perceived as fragmentation (Taylor et al. 2012).
Biotic interactions
The value of a refuge is also inﬂuenced by interactions
with other species. Although few examples are available
from ﬁre ecology, changes in interactions including
predation, competition, parasitism and mutualisms have
been documented after landscape change and isolation of
habitats in other situations (Lindenmayer & Fischer 2006;
Ritchie et al. 2009). For example, loss of predators in iso-
lated fragments can lead to cascading effects on ecosys-
tems, with resultant outbreaks of herbivores signiﬁcantly
altering habitat structure (Ritchie & Johnson 2009). Many
generalist predators are not restricted to unburned refuges
and may be favoured by ﬁre (Dees, Clark & Manen
2001). In the immediate postﬁre environment, predator
abundance can increase due to greater availability of food
from burnt carcasses and increased hunting efﬁciency due
to reduced vegetative cover for prey (Conner, Castleberry
& Derrick 2011).
Knowledge gaps and further steps in
understanding refuges
The commonly assumed importance of refuges for sur-
vival, persistence and recovery of fauna from ﬁre con-
trasts with the paucity of published evidence. Studies
relating to the value of faunal refuges, often undertaken
opportunistically after wildﬁre, have frequently been lim-
ited by issues such as inadequate documentation of ﬁre
severity, history and spatial properties; monitoring on lim-
ited spatial and temporal scales; inadequate replication;
inability to separate mortality from emigration; and inter-
actions with other disturbances (e.g. Newsome, McIlroy
& Catling 1975; Murphy et al. 2010; Zozaya, Brotons &
Vallecillo 2011). The limited understanding of ﬁre refuges
contrasts with that for refuges in freshwater systems
where knowledge is more advanced and functions and
attributes have been outlined (Sedell et al. 1990). To give
direction to future research, we highlight knowledge gaps
in three broad areas.
POSTFIRE PATTERNS AND DYNAMICS OF POTENTIAL
REFUGE HABITATS
An important step is to develop a stronger, predictive
understanding of the relationship between ﬁre characteris-
tics (e.g. severity, size, seasonality) and the spatial pattern
of potential refuge areas that occurs postﬁre. Systematic
mapping of areas remaining unburnt in relation to vegeta-
tion type and topography (e.g. Madoui et al. 2010) pro-
vides a valuable opportunity to determine the spatial
patterns of potential refuges, including natural determinis-
tic refuges (moist drainage lines, less ﬂammable vegeta-
tion), natural stochastic refuges (e.g. patches that escape
burning) and anthropogenic refuges arising from prior
prescribed burns. The occurrence and dynamics of other
types of refuges, such as burrows, rock outcrops and
unburnt habitat components (e.g. logs, tree hollows, litter
patches), are less readily mapped remotely, but can be
assessed by systematic survey of the postﬁre environment.
Of particular value are quantitative studies that examine
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spatial attributes of potential refuges – including number,
size, location and conﬁguration – in relation to aspects of
ﬁre regime and land management (e.g. Collins et al.
2012). Such studies are required in relation to both wild-
ﬁres and prescribed burns in different ecosystems.
FAUNAL USE OF REFUGES
A comprehensive understanding of how refuges mitigate
the effects of ﬁre requires more empirical data on refuge
use by a wide range of taxa from different types of ﬁre-
prone ecosystems. This includes greater insight into what
constitutes a refuge for particular taxa, speciﬁc attributes
of the refuge and when it is used (e.g. during ﬁre, immedi-
ate postﬁre, longer term). A key challenge is to identify
potential relationships between life-history attributes of
species and their need for, and use of, different types of
refuges. Opportunistic studies after wildﬁre will continue
to be an important source of information, as will planned
studies of responses of individuals and populations to pre-
scribed burns of different severity, size and season (e.g.
Fraser et al. 2003). Longitudinal studies of responses of
ﬁre-sensitive species that extend beyond a few years are
scarce (Driscoll et al. 2010). Consequently, there is little
knowledge of the time period over which species may
depend on refuges or how refuge use changes over time.
Such insights are particularly important for species known
to favour late-successional vegetation or that rely on habi-
tat components that take many years to recover (Haslem
et al. 2011; Watson et al. 2012b).
A major knowledge gap relates to the spatial patterns
and dynamics of populations within postﬁre mosaics. Such
knowledge would assist in conservation planning for ﬁre-
sensitive species by determining whether there is a need for
management intervention to protect or create refuge habi-
tats, and if so, their spatial arrangement. Empirical data
on species’ dependence on refuges, refuge spatial isolation
and patterns of movement by individuals between them
will give important insight into the spatial structure (or
continuity) of the population within the ﬁre boundary.
ANTHROPOGENIC CREATION AND MANAGEMENT OF
REFUGES
As natural ﬁre regimes are increasingly altered by land-
use change, wildﬁre suppression, anthropogenic burning
and effects of climate change (Flannigan et al. 2009),
active management of refuges to safeguard sensitive spe-
cies from displacement or local extinction will become
more important. Knowledge of the location of natural ref-
uges should be used to highlight areas for protection,
either from natural or from anthropogenic disturbances
(Mackey et al. 2002). Management actions that improve
connectivity between such refuges may also be beneﬁcial
(e.g. Brown, Clarke & Clarke 2009). However, planning
in this regard will need to consider potential risks such as
increased wildﬁre propagation and spread of pests and
disease (Camp et al. 1997). Planned burns can be used to
protect or create refuge habitats, either in speciﬁc loca-
tions or as part of a landscape mosaic (Parr & Andersen
2006; Andersen, Woinarski & Parr 2012), but this requires
a sound understanding of what constitutes a suitable
landscape pattern, as well as technical skills to deliver the
required burn pattern under a range of ﬁre conditions.
There is a great need for further evaluation of the out-
comes of ﬁre management practices designed to mitigate
the effects of ﬁre on biodiversity, including their effective-
ness in creating or maintaining refuges. It is also essential
to evaluate the effects of ﬁre management for purposes
such as hazard reduction and other land management
practices that may result in the loss or degradation of
refuges. Much progress could be made by the integration
of experimental management with systematic monitoring
and research (Driscoll et al. 2010). This includes experi-
mentally testing different management options for creat-
ing or protecting refuge habitats, together with long-term
monitoring of faunal abundance and habitat use at the
landscape scale.
Faunal ﬁre refuges are likely to become increasingly
important under expected changes in the occurrence,
intensity and extent of wildﬁres (McKenzie et al. 2004).
Managing for the refuge needs of fauna will help mitigate
the detrimental impacts of ﬁre and facilitate biodiversity
conservation in ﬁre-prone landscapes.
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